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Abstract 、 
The volume phase transition, solution dynamics, and surfactant influences on the 
volume phase transition of individual polyONT-isopropylacrylamide) (PMPAM) linear 
chains and spherical microgels were investigated by Laser Light Scattering (LLS), 
which has, for the first time，provided a systematical study of the volume phase 
transition of swollen PNffAM gels by following a special route, namely the coil-to-
globule transition of single PMPAM chains, the volume phase transition of spherical 
microgel particles, and the swelling and drying kinetics of ultrathin PMPAM gel films. 
PMPAM linear chains were synthesized by free-radical polymerization. A set of 
� PMPAM samples with different molecular weights (Mw) were obtained. Moreover, a 
combination of very careful fractionation and filtration enable us to get two very 
narrowly distributed samples (MwMn < 1.05) with very high Mw ( > 10^ gAnol). 
The scaling relationship between translational diffiision coefficient (D) and molar 
mass (M), i.e., D(cm^s" )^ = 2.49x10.4 M"®"^^ for PMPAM in THF and D(cm^s"^)= 
1.36xl0_4 M"0 55 for PMPAM in water at 20°C, were established for the first time by 
adopting a recently developed LLS data analysis procedure. The value of otD = 0.55 
indicate that PMPAM chains have a coil conformation in water at 20°C. 
In water, PMPAM can undergo a well-defined volume phase transition at T � 3 2 ° C . 
With the two well-defined PMPAM samples, the coil-to-globule transition of a single 
PMPAM chain in extremely dilute solutions (〜5 ^ig/mL) was studied by both static 
and dynamic LLS in terms of the radius of gyration (Rg) and hydrodynamic radius (Rh). 
A thermodynamically stable collapsed globule (Rg/Rh = 0.97) was experimentally 
observed at T = 31.82 °C for the first time，which has proved a prediction made � 3 0 
ii 
years ago. Further increasing temperature, RgfRh became less than 0.97 and the system 
entered in a 'hietastable"region. The lower Rg/Rh value of 0.63，even lower than 0.774 
predicted for a uniform density sphere, enabled us to reveal, for the first time, that the 
chain density at the globule center is higher than that near the surface. 
On the basis ofthe fact that the PMPAM chain can change from an extended coil at 
� 2 5 � C (with a chain conformation distribution) to a collapsed globule at � 3 2 °C 
(without a chain conformation distribution), we have experimentally demonstrated, for 
the first time，the additional chain conformation broadening of the line-width 
distribution G(F) in dynamic LLS. Moreover, a two-stage chain collapsing kinetics 
was detected for the first time in the thermodynamically stable region. 
The dynamics of linear PMPAM chains, i.e., the internal motions of a very long 
PMPAM chain in very dilute aqueous solution at 15°C were also studied. At x <1, 
only one peak related to diffusion was observed in the G(F), where X=(qRg)^ with q 
being the scattering vector. While for X > 1, a second peak related to internal motions 
of polymer chains was detected. The average line width of the second peak follows the 
plot 0f'tl+2rn/(Dq^)] versus X"with T^ being the line width related to the n/^-order 
internal motion. At very high X，these two peaks merge into one broad peak and the 
plot of <r>/q3 vs Xi�approaches a plateau. Our results showed, for the first time, 
that some energetic favorable internal motions predicted by Zimm and Rouse were ‘ 
missed in dynamic LLS, which suggests a reconsideration of the existing theory. 
A series of water/sodium bis(2-ethylxyl)sulfosuccinate(AOT)/n-hexane spherical 
microemulsions with and without polymerizing NIPAM inside the water core were 
studied by both static and dynamic LLS. The co-surfactant effects ofPNffAM flexible 
iii 
chains was experimentally proved. The microstructure of the water/AOT/n-hexane 
microemulsion stabilized by PNffAM was quantitatively determined for the first time. 
Nearly monodisperse spherical PMPAM microgel (¾ �180nm at 25°C) were 
synthesized by emulsion polymerization in water. The volume phase transition of these 
microgel particles was studied by LLS in terms ofRg and Rh. The properties of these 
microgel particles, such as the subchain conformation, solution stability, particle 
density and volume phase transition were closely compared with that of individual 
PNIPAM chains in water. A better understanding of the volume phase transition of 
PNffAM gels was obtained. We have, for the first time, pointed that the volume phase 
transition of swollen polymer gels is intrinsically continuous, not discontinuous as 
previously stated. 
The internal motions of the PNIPAM subchains inside the swollen microgel were 
only observed at X> 13，from which we have, for the first time, estimated that the 
internal motions inside the gel network involve � 2 5 lattice units. The plateau in the 
plot of “<r�/q3 vs X i�” of the microgel particles is much lower than that of linear 
PNn^AM chain, which indicate that the internal motions are greatly suppressed by 
crosslinking. 
Our studies showed that both anionic (sodium dodecyl sulfate, SDS) and cationic 
(dodecyl pyridine bromide, DPB) surfactant affect the volume phase transition of the 
PMPAM microgel. The addition of SDS swells the PMPAM and increases the volume 
phase transition temperature (T�). On the other hand，when the concentration of DPB 
is lower than its critical micelle concentration (CMC), the addition of DPB decreases 
iv 
Tc，and the collapsed particles are unstable. The difference between anionic and 
cationic surfactants were well explained according to a newly developed theory. 
Finally, the swelling and drying kinetics of a very thin PNffAM gel film before and 
after its volume phase transition were studied by in-situ interferometry. At T < � 3 r C , 
the drying rate of thin PNIPAM gel film increases in the drying process. At T > � 
32°C, the initial change of the film thickness undergoes three stages: namely, a fast 
shrinking process, a plateau period, and a drying process. The swelling process can be 
described by a first-order kinetics theory. A critical slowing down of the swelling of 
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Chapter 1. Introduction 
1.1 Project's Significance 
\ 
In aqueous media, PolyOS^-isopropylacrylamide) (PMPAM) or slightly crosslinked 
PMPAM gel can undergo a reversible volume phase transition in response to chemical 
and physical stimuli such as temperature/'^ solvent composotion,^"^ PH,^ ions/'^ Hght^ ^ 
and electric field/^ Such a volume phase transition of PMPAM single chain and 
PMPAM hydrogels is very important from both scientific and technological points of 
view. Theoretically, detailed examination of this critical phase behavior will provide a 
deep insight into the polymer-polymer, polymer-solvent interactions and conformation 
changes ofpolymer in molecular level so that some general and fundamental concept in 
polymer physics and solution dynamics can be clarified. Technologically, this special 
、 
transition might be applied in very diverse end uses/ '^^ ^ such as controlled-release of 
drugs, bioseparation, enzyme or cell bioreactors, super water absorbents, retainers of 
water or solutes in agriculture, electrophoresis, artificial muscle and chemical 
transducers. 
In the past twenty years, due to the advances of computer, detector and laser 
technology, Laser Light Scattering (LLS) has gradually become a fast and convenient 
routine analytical method in polymer and colloid science. Various types of instruments 
on the basis of the LLS have been widely used in many academic and industrial 
polymer laboratories, wherever the particle sizing in solution or suspension in the 
� submicrometer range is required/^ As a more sophisticated method compared with 
other traditional characterization methods, a combination of static and dynamic LLS 
results can provide us much more structural information including size, size 
1 
distribution, conformation and interactions of polymer-polymer or polymer-solvent. 
Therefore, LLS studies of PNIPAM will enable us to understand the conformation 
change, dynamics, and kinetics of the volume phase transition of PNIPAM in water on 
physical and chemical fundamentals, which is crucial to the wide variety of applications 
mentioned above. 
1.2 Research Background 
广 Generally, an increase of temperature leads to an increase in solubility for most 
» 
polymers in organic solvents under atmospheric pressure near room temperature. 
However, PNIPAM (I) is a special polymer, which contains both hydrophilic amide 
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and hydrophobic isopropyl groups along its long backbone chain. This specialty makes 
the PNIPAM exhibit a lower critical solution temperature in water (LCST, values 
between 31 and 35°C have been reported). By focusing such a transition, PNIPAM in 
aqueous media has been investigated in many forms including single chains, 
( 
macroscopic gels, microgels and thin films. , 
1.2.1 Linear PNBPAM Chains in Aqueous Solution 
1.2.1.1 Origins ofthe LCST 
In the past, many theories have been advanced to explain the LCST phenomenon in 
PNEPAM single chains and gels. The best efforts qualitatively surmised that both 
2 
hydrogen bonding and hydrophobic effects contribute to the driving force for the 
transition. 
Generally the behavior of a polymer in a given medium reflects the balance of like 
and unlike interactions among its own segments and the surrounding molecules. In 
V the case of aqueous solutions, the solvent-solvent interaction in water is particularly 
strong as indicated by its partially ordered structure/^"^^ For PMPAM in water, there 
exists two kinds of important interactions between polymer and solvent. One is the 
hydrogen bonds formed between the polymer polar groups and water molecules that is 
the initial driving force for dissolution due to the exothermic enthalpy (AHmix < 0). 
Another is the hydrophobic effects which present as water molecules are often "ice-
like"(more ordered) around the nonpolar regions of polymer being unable to form 
hydrogen bond with them. This phenomena results in a decreased entropy upon mixing 
(ASmix < 0). When temperature is increased, the term AH i^x will shift toward positive 
value, and the term (-TASmix) will become more positive. Once the free energy change 
�’. 
(AGmix) becomes positive upon mixing, the final consequence is phase separation of 
PMPAM from water above LCST. If the concentration of the polymer is higher 
enough, the replacement of polymer-water contacts with polymer-polymer and water-
water contacts is manifested by precipitation. 
However, the driving force of the phase transition of hydrophobic effects and 
hydrogen bonding in water are still being debated. Walker and Vause^^ gave a 
theoretical model to describe the LCST phenomena where they think that LCST result 
only from changes in preferences for hydrogen bonding. Matsuyama et al.^ ^ and the 
Prausnitz research group^^ also attribute the LCST entirely to hydrogen bonds in their 
s • D o^ 94 ^fk 
more mathematical theories. At the other extreme, Fujishige _ and Saito _ advance 
3 
that the driving force is entirely "hydrophobic interactions". In contrast, Schild and 
TirrelP surmised that the hydrogen bonds between PNIPAM and water is the basis for 
solubility and is also a hindrance due to the specific orientations required. Heskins and 
Guillet^ speculate that both these effect may influence the LCST. Winnik^^ also 
concurs that both effects are important. So far, there is still no decisive conclusion for 
the origin of LCST. To determine an appropriate theory which can adequately 
describes the LCST, more detailed and quantitative experimental work should be done. 
1.2.1.2. Experimental Studies 
A. Common methods 
ClouldPointMethod The earliest report ofthe LCST ofPMPAM was determined 
by using cloud point method in 1967 by Scarpa et al.^ ^ and in 1968 by Heskins and 
Guillet.i Later, various researchers have somewhat quantified the method by using a 
standard UV-VIS spectrophotometer.^ '^^ '^^ '^^ ^ Because the wavelength of measurement 
determined the minimum size of precipitated particle detected, the observation of an 
LCST may be a function of the wavelength chosen�Thus cloud point is the simplest, 
most convenient method to be used, but the nature of the precipitation process is 
certainly not entirely straightforward. 
Differential Scanning Calorimetry (DSC) Heskins and Guillet^ were also the first to 
report that an endotherm can be observed at the LCST of the PNIPAM aqueous 
solution by DSC. Schild and Tirretf? employed a more precise DSC instrument to 
determine the phase transition. Characteristics (height, width, peak position) of the 
endotherms were found to be independent of heating rate at < 30°C/h and 
n o^  ^ o ^ ^  
concentration for at least the range of 0.4-4.0 mg/mL. Fujishige，’ Tailor, Ito and 
4 
Saitc)25 research groups also measured the endotherms that have a similar enthalpies 
(ca. 6.3 kJ/mol) which is typical for hydrogen bond interactions. However, only Schild 
and Tirrell focused on the peak shapes which are sensitive to the presence of salt,^ ^ 
surfactants^^ and comononer.^ '^^ ^ Moreover, they^^ observed the expected decrease in 
LCST with increasing molecular weight.^ ^ 
Viscometty The first studies of the viscometry of PNffAM in aqueous solutions 
were once again reported by Heskins and Guillet^  in 1968. The intrinsic viscosity was 
seen to decrease with increasing temperature, yet the M was observed to become 
larger. Usually, the “a，，value in the Mark-Houwink equation: [r|] = kM^ provides a 
better understanding of the conformation of a polymer in solution. However, the 
results ofthe Chiantore^^ research group were much different with those of Fujishige's 
group.39-4o The former concluded that PND>AM has highly expanded conformation (a 
=0.93 �0,97)，but the later confirmed that the PMPAM chains are near 0 state (a = 
0.51) at 20°C. The big difference among “a” value from different groups can be 
attributed to the polydispersity of the used samples. Ideally, the polymer samples used 
to calculate "a" should be monodisperse. 
Fluorescence The first application of fluorescence methods to studying solution 
behavior of PMPAM appears in the thesis of Breton^^ in 1982, 1-Naphthyl 
methacrylate was copolymerized with NIPAM at ca, 4 mol%. In 1989, Binkert and 
coworkers42 also introduced fluorescein isothiocyanate onto PMPAM using 5 labels 
per chain. Time resolved fluorescene depolarization experiments appeared to show an 
abruptly increased relaxation time at the LCST reflective of a decrease in local mobility 
and a decrease in anisotropy. Most recently, much more detailed investigations have 
been done on fluorescence with PMPAM by two research groups: Winnik and 
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coworkers43-46 and Schild and Tirrell.^ "^^ '^^ '^^ ^ Both polymer-bound and free 
fluorescence probes have been applied in studying binary solutions ofPNIPAM as well 
as solutions of hydrophobically-modified PMPAM and solutions of PNIPAM in the 
presence of additives. None of the fluorescent PNH>AM samples exhibited a pyrene 
excimer emission spectrum. 
Nonradiative Energy Transfer OSfRET) Morawetz^^ firstly applied NRET to 
investigate polymer systems. Using doubly labeled PMPAM with naphthalene donor 
and pyrene acceptor, it was observed that NRET slowly decreased over the 
temperature range of 18-31°C, It was concluded that there is a gradual shrinking of 
solvated polymer coils into a collapsed state, followed by aggregation into large 
particles. Below the LCST, using singly labeled polymers, no NRET was detected, 
indicating a lack of interchain interactions below the LCST. 
Surface Tension Surface tensions of dilute aqueous solutions ofPMPAM have also 
been measured.^ '^^ '^^ ^ Fujishige et al.^ ^ found that the surface tension of PNffAM 
aqueous solution with M^ of �106 g/mol was independent of concentration and 
decreased from 47.8 mN/m to 41.9 mN/m upon heating through the LCST. Schild et 
al.52 also found the PMPAM solution with Mw of � 5 . 5 x 10^  yield a surface tension of 
ca. 40 mN/m below LCST which i& independent on concentration. Such surface 
activity of PNffAM show that even homopolymer PNffAM chain possesses 
surfactant-like properties. 
Infrared spectroscopy(IR)^^ and proton NMR^ "^^ ^ were also used to characterize the 
solution behavior of PMPAM in water. JR measurement seems to support the view 
that the structure of water is different around a solute as compared to the bulk aqueous 
6 
medium. Proton NMR measurement show that both Ti and T2 exhibit discontinuous 
transitions at the LCST. 
B. Laser light scattering(LLS) 
Compared with various traditional methods quoted above, LLS is a more precise 
method to study the polymer solution, which can offer information on the size, shape 
and interactions ofmacromolecules.^^'^^ Much more quantitative structural information 
is available. Initial studies employing LLS apparatus concentrated on determining 
weight average molecular weights ofPNIPAM>^^ Heskins and Guillet^ reported that 
the apparent molecular weight increased 4.5 times upon increasing the temperature 
from 25°C to 33°C, and suggested a simple aggregation phenomenon was present. 
More recent measurements^ '^^ '^^ '^^ "^^ ^ have employed dynamic as well as static LLS to 
much more dilute solutions to attempt to detect a coil-to-globule transition. The 
earliest attempt to apply dynamic LLS was that of Taylor and associators^^ briefly 
reported in 1982. They simply observed an increase of the difRision coefficient above 
the LCST, reflecting a decreased radius. Hirotsu and coworkers^^ prepared a 2.7 x 10'^  
g/mL PNIPAM sample with Mw of 1.36 x 10^  in order to attempt to observe the coil 
to globule transition. They observed a collapse ofRh from 100 nm to 60 nm upon 
heating through the LCST, assigning this portion of the transition to an intramolecular 
process. This collapse was detected at 34°C, and a sudden increase in the transmitted 
intensity was observed at 39�C. Qualitatively, the mechanism they suggest for the 
LCST is a collapse of single chains followed by their aggregation. Thus, as water-
polymer hydrogen bonds become less favorable relative to polymer-polymer and 
water-water interactions, the PNH^AM monomer units first interact with their nearest 
7 
neighbors on the same macromolecule, followed by association with surrounding 
chains. 
Fujishige22 claimed that both dynamic and static LLS can detect PMPAM collapse 
at the LCST. With a 1.2 x 10"^  g/mL solution ofan 8.4 x 10^  molecular weight sample, 
the results analogy to those ofHirotsu were obtained. Similar interpretation，namely, a 
collapse temperature lower than that for macroscopic phase separation, was suggested. 
In a subsequent paper^^ Fujishige and coworkers reported much more detail of the 
collapse in terms of the radius of gyration (Rg) measured by static methods and the 
hydrodynamic radius (Rh) by dynamic method. With some efforts, they got three 
sample PNIPAM samples with Mw > 4.10 x 10^  g/mol and for the first time, the 
polydispersity of fractionated samples was reported (Mw / Mn > 1.3). However, such 
samples only lead to a observation of a limited chain collapse before the system 
reached a thermodynamically unstable region, i.e., the phase separation and 
aggregation. 
Meewes and coworkers^ '^^ ^ have also used both static and dynamic LLS to follow 
the coil-to-globule transition of PMPAM in water. They were one step further with a 
PMPAM sample ofMw � 7 x 10^  and M J Mn � 1 . 3 , wherein a surfactant SDS was 
added to prevent the phase separation. Unfortunately, the addition of the surfactant 
shifted the LCST to a higher temperature ( � 3 5 ° C ) and complicated the picture of the 
coil-to-globule transition of PNIPAM in water. Saito and coworkers^^ attempted to 
confirm spinodal decomposition in aqueous solutions of PMPAM. However, they 
employed a sample with Mw Mn � 8 . With such a broad molecular weight distribution, 
it is barely conceivable to assign significance to their results. Napper^ '^^ ^ and his 
coworkers have employed dynamic LLS to study the coil-to-globule and globule-to-
8 
coil transitions ofPNIPAM attached to surface of latex particles. They found that at 
interfaces the transitions span a relatively broad temperature range (ca. 20°C) 
compared with that (l-2°C) observed in free solution. However, the employed 
PNIPAM sample is only with Mw of6.8 x 10^ moreover, for interfacial chains, the 
presence of electrical charges at the interface can exert a profound effect on the 
transition. 
From the studies of PMPAM solutions discussed above, we found that all of the 
used samples are polydisperse. The molecular weight is not high enough, and the 
concentration of solution is also not dilute enough to truly observe the collapse process 
and apply theoretical analysis to the system. Very few quantitative results were 
obtained to describe the chain conformation change in the transition process due to the 
limitation of methods, instrument and sample quality. Therefore, the further study of 
the phase transition of PNffAM chain in water by improved LLS instrument with a 
high signal-to-noise ratio and accessible very small scattering angle is necessary to 
clarify some important questions, such as an accurate calibration between D and M, a 
surfactant-like properties ofPNffAM chains, conformation changes during the process 
of coil-to-globule transition, thermodynamically stability of collapsed globule, the 
transition kinetics and the internal motions oflong flexible PNffAM chain in water. 
1.2.2 PNffAM Gels 
The phase transition of a gel is a reversible and discontinuous folding and unfolding 
of the polymer network.^^ In general, gel phase transition results from a competitive 
balance between a repulsive force that acts to expands the polymer network and an 
attractive force that acts to shrink the network. The most effective repulsive force is 
9 
the electrostatic interaction between the polymer charges of the same kind. The 
osmotic pressure by counter ions adds to the expanding pressure. The attractive 
interactions can be Van der Waals, hydrophobic interactions, ion-ion with opposite 
kinds, and hydrogen bonding. In contrast to other gels where mixtures of solvents are 
necessary to observe the phase transition, PNEPAM gel is unique, which can undergo a 
reversible volume phase transition in pure water. 
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Figure 1.2.1 Schematic representation of gels in collapsed and swollen states. 
1.2.2.1. Origins ofVolume Phase Transition 
Compared to the theoretical models ofPNIPAM single chains transition, much more 
modeling has been done in the realm of gel transition theories.^ '^^ '^^ ^ All of the these gel 
theories basically contain four terms: the interaction between polymer segments and 
{ 
solvent; the difference between the osmotic pressure inside and outside the gel; the 
change in the configurational free energy with swelling; and the change in the free 
energy of specific interactions for a gel in aqueous media. Except the osmotic effects， 
the expressions of the other three contributions to the free energy used vary from 
theory to theory. The earliest predictions of the collapse ofPNEPAM gel were made by 
. Hirotsu et al.^ ,^ using the Flory-Huggins incompressible lattice model. This model can / I 
10 
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not explain the experimental data in the collapsed regime since it neglects the volume 
changes ofmixing and the topological constraints of the gel network. Marchetti et al.^ "^ 
69 introduced the lattice vacancy and fmite chain extensibility to allow for a nonzero 
volume changes of mixing. They derived an interaction energy from the varied 
cohesive energy densities in the system so that the experimental data from larger 
deformation ofthe PNIPAM gels can be reasonably fitted. Based on hydrogen bonds in 
a lattice that permits holes and thus compressibility, Prausnitz and coworkers^^ 
developed a theory which does correctly predict discontinuous transitions for nonionic 
PNIPAM gels. However, Guassian chains are still assumed, and therefore it is difficult 
to fit experimental results over the entire range of swelling. Considering the gel 
collapse as the coil-to-globule transition of subchains, Grosberg et al/�discussed the 
contribution of topological constraints to this process. This theory can satisfactorily 
describe part of the results in the phase transition range. With such diversity among 
theories, it appears clear that a theoretical explanation of the LCST ofPNIPAM gel is 
far from complete. Better experimental characterization of the network needs to be 
done so that a better understanding of the phase transition of PNIPAM gel can be 
obtained. 
1.2.2.2. Experimental Studies 
A. Common methods 
So far, most experimental studies dealt with the swelling and shrinking of bulk 
PNffAM gels in water. The first method applied/^ following the volume change by 
microscopy, still appears to be the most popular method.^ '^^ '^^ "^^ ^ Weigh gels "drained" 
on stainless steel screens^ '^^ ^ or "blotted" with filter paper^ '^^ ^ has also been done to 
11 
monitor differential swelling. However, such gravimetric techniques have no good 
reproducibility. Gels have also been sealed in graduated cylinder in their solvent, and 
then immersed in external baths so that dimension changes could be followed by 
d i l a t o m e t r y . 7 6 Two other techniques used to study the gel transition are NMR^ '^^ ^ and 
small angle neutron scattering.^ All these methods proved that bulk PNIPAM gels 
undergo a reversible，discontinuous volume phase transition at 33 to 35�C. DSC^^ and 
electrophoresis^^ were also employed to monitor the phase transition temperature of 
PNIAPM microgel. 
B. Laser Light Scattering(LLS) 
In contrast to most of the reported methods which only measured the macroscopic 
volume change of PMPAM gels, LLS can monitor the phase transition on a 
microscopic scale so that we will have a much better understanding of structure and 
dynamics of PNffAM gels. Tanaka's group^^ was the first to monitor the volume 
change ofPNTPAM microgel by dynamic LLS. They synthesized submicron PMPAM 
gel beads with Rh of 0.2-1 |im. The LLS characterization results showed that such 
PNIPAM microgel exhibits a continuous volume phase transition, which was 
contributed to surface inhomogeneities because in small beads the surface to volume 
ratio is very large compared with other geometries. Therefore, the distribution of 
different transitions detected is averaged along the surface, and hence appears to be a 
continuous curve. They also observed an increase of scattering intensity with 
temperature when T is over 0 temperature. However, no conformation change present 
83 
during the phase transition process. Later, Pelton's group synthesized monodisperse 
PNPAM microgel by emulsion polymerization. The size can be controlled by the 
12 
amount of added surfactant. They also employed dynamic LLS to monitor the size 
change upon heating the microgel aqueous solution. Unfortunately, they didn't focus 
on the explanation ofthe continuous phase transition ofPNIPAM microgel. 
From the studies ofPNH>AM microgel discussed- above, we know only very few 
dynamic LLS studies have been done for the system. Static LLS has never been used 
to characterize the volume phase transition of PMPAM gels. If one can synthesize 
very small microgel particle, the combination of static and dynamic LLS will provide 
us much more information such as structure and conformation change, interaction 
between the network and water, the thermodynamic stability of collapsed gel particle 
during the phase transition process. After obtaining these properties, we can give a 
systematic comparison of the phase transition of PMPAM between microgel and 
individual PMPAM chains in water, which is necessary for better understanding of 
both system. 
1.2.3 Surfactant Effects 
The interactions ofnonionic water soluble polymers with surfactants are a subject of 
both theoretical and industrial interest. The earliest report concerning interactions of 
PNffAM single chains with surfactants was by Eliassaf^ with sodium dodecyl sulfate 
(SDS). He observed that 1% SDS increases the viscosity and prevents the precipitation 
ofPMPAM even in boiling solution. Schild and Tirrelf^ have done systematic studies 
on aqueous mixtures ofPNIPAM and sodium n-alkyl sulfates, ranging from methyl to 
as long as N-hexadecyl by using fluorimetric and turbidimetric methods. They conclude 
that very small amounts of SDS (< 5mgyO.) are sufficient to clarify the solutions above 
the LCST. The critical aggregate concentration (CAC)^ ^ for the binding of surfactant 
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molecules to the PMPAM chains decreases relative to the critical micelle 
concentration(CMC) in water alone as the n-alkyl chain length is increased. They also 
speculate that in the vicinity ofthe CAC, the surfactant molecules cooperatively bind 
to the polymer chain in the form ofadsorbed micelles. Meewes et al.^ ^ employed static 
and dynamic LLS to study the SDS effects on coil-to-globule transition of PMPAM 
chains. They observed that at SDS concentrations of only 250mg/L, aggregation ofthe 
collapsed chains is prevented, which was called as intermolecular solubilization. The 
transition temperature begins to increase when SDS concentration is over 300mg/L, 
which was called as intramolecular solubilization，i.e., the conformational transition 
from a compact globule to an expanded coil. They contributed the phenomena to 
cooperative binding of the surfactant to the polymer. However, the amounts of 
surfactant loosely associated with the polymer molecules or firmly cooperative bound 
to the chain is still unclear. 
The surfactant effects on the phase transition ofPMPAM gels were firstly studied 
by Tanaka et al.^ ^ They found that both anionic surfactant SDS and cationic surfactant 
dodecyltrimethyllammonium chloride (DTAC) affect the volume phase transition of a 
� nonionic PMPAM macrogel. The transition temperature and volume jump by the 
transition increase remarkably with increasing surfactants concentration. They 
conclude that the surfactant bind to the polymer networks not only from free surfactant 
molecules but also from micelles through a strong hydrophobic interaction, i.e., an 
association of the surfactant hydrophobic tails with the hydrophobic side groups or 
backbone ofPMPAM. However, their assumption can not explain the big difference of 
surfactant effects on the volume phase transition between anionic SDS and cationic 
DPB although they own the same hydrophobic tail length. Recently, they selected 
14 
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sodium dodecylbenzenesulfonate ^s[aDBS) as surfactant to study the quantitative 
adsorption of NaDBS molecules by PNIPAM gels and to explain the effects of 
surfactant binding on the phase transitions of the gels.^ ^ They still emphasized that the 
k I 
丨 strong hydrophobic interaction between NaDBS hydrophobic tails and hydrophobic 
;:| 
• 1 
parts ofPNffAM gels enable the NaDBS to bind to the PNIPAM networks but only in 
|:丨 
••1 
the near vicinity of the surface not within the body of PNIPAM gel. From above 
I ‘ 
results, we think that the surfactant effects on the phase transition of PMPAM gels 
;.^i 
should be related to the charge kinds of the surfactant. Further studies of surfactant 
interaction with PNIPAM gels in microscopic scale is necessary to understand the 
‘I 
1 . 
nature of the interaction, i.e., adding two surfactants with similar CMC and the same 
1 
hydrophobic tail length but opposite charges into the same PNIPAM microgel system 
i 
to observe the interaction between surfactant and PNIPAM gels. 
1.3 The Objective of the Present Work 
:' 
In contrast to most of the reported results which only measured the phase transition 
of PMPAM on macroscopic scale due to the limitation of characterization methods, 
instrument performance and standard sample preparation, we will investigate the 
process of the phase transition on a microscopic scale by using modern equipments, 
•I . •  
especially improved LLS spectrometer with a high coherent factor of ~0.87 capable of 
doing both static and dynamic LLS continuously in the scattering angle range of 6-
154°.'' 
i 
A. Single Chains 
j (1) To establish a scaling relationship between translational diffusion coefficient D and 







molar mass M, which is directly related to the chain conformation of PNIPAM in 
solution, by adopting a recently developed LLS data analysis procedure^ '^^ ^ involving a 
combination of the weight-average molar mass from static LLS and the translational 
diffusion coefficient distribution (G(D)) from dynamic LLS. 
(2) To study the coil-to-globule transition process of single PNIPAM chain in 
extremely dilute aqueous solutions, which has not only a great importance as a 
fimdamental problem in polymer physics, but also deep implications in many biological 
systems, such as protein folding^^ and DNA packing.^^ During this process, we will try 
to observe a true equilibrium globule state of single PNEPAM chain, to determine the 
single-chain collapsing and dissolving kinetics in the thermodynamically stable region 
and to study the chain density in the collapsed globule state. 
(3) To experimentally reveal the additional conformational broadening of the line-
• i 
1 
width distribution G(F) in dynamic LLS by polymer chain conformation distribution 
j based on the properties that at �25°C the flexible PNIPAM coil has a conformation 
[I 
i 
distribution, while at �32°C the collapsed PNffAM globule has no conformation 
?j 
distribution (or a much narrow conformation distribution if there is any), 
j . 
(4) To experimentally study the dynamics of flexible PNIPAM chains, i.e., the internal 
i .) 
i motions oflong PNIPAM chain in very dilute aqueous solution, i -i .j 
i (5) To experimentally prove the co-surfactant efFects of PNIPAM homopolymer by 
I • 
LLS measurements of the stability for the "water-in-oil' microemulsion droplet with 
1 
and without polymerizing the NIPAM inside it. 
B. Cross-linked PNEPAM Gels 
(1) To study the volume phase transition of monodisperse spherical PNIPAM microgel 
16 
particles, and to compare it with that ofindividual PNIPAM chains. 
(2) To study the dynamics ofthe PNIPAM chains inside a swollen microgel particles, 
and to compare it with that of a long flexible PNIPAM chains. 
(3) To study the effects of both cationic and anionic surfactant on the volume phase 
I transition of narrowly distributed PNIPAM microgel. 
5 (4) To study the swelling or drying kinetics of the very thin PNIPAM gel film by in-
situ interferometry, and to evaluate various existing swelling kinetic equations. 
«^ 
1.4 Experimental Difficulties 
； Compared to the reported systems of polystyrene in various organic solvfents,-^ 
t 
the study of the coil-to-globule process and chain dynamics of PNffAM aqueous 
I solution is much more difficult and challenge from experimental points ofview. 
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i (1) According to the phase diagram of polymer solution, to observe a true coil-to-




I I • :i • 
,:j 
j a. The molecular weight should be as high as possible, which not only exhibit a large i I 
volume chang during the transition process, but also give a strong scattering intensity. 
-i 
b. The concentration ofthe solution should be as dilute as possible, which can not only 
i 
reduce the intermolecular interaction ( or behave as a single chain), but also own a 
I 
I relatively wide working temperature range and especially very near the phase transition 
,| ^ 
I temperature, but without entering the two-phase region, 
i 
i . ^ 
c. The molecular weight distribution should be as narrow as possible, which also give 
j 1 
;| us more working temperature range in thermodynamically stable region because the 
higher the molecular weight, the easier entering the two phase region for a broadly 
distributed sample. 
d. The aqueous solution should be very clean with all dust particles removed from the 
solution because the extremely dilute solution should be measured at very small 
I 
scattering angle to give a strong enough signal, moreover, several days or even one 
week need to be taken to monitor the whole transition process or kinetic process. 
！ , 
j 
； (2) To study the chain dynamics, the samples with the following conditions have to be 
i • 
1 used. 尋 
j a. molecular weight should be as high as possible which enable us to observe as many 
internal modes as possible. For such a polymer, there always exists a certain degree of 
i 
coupling between the translational diffusion and the internal motions at the lowest 
18 
； accessible scattering angle (-15°) ofa normal LLS spectrometer. 
: b. The polymer concentration should be very dilute, so that the concentration 
correction on the measured line-width distribution was very small. 
1^ I 
! c. The molecular weight distribution should be as narrow as possible，otherwise the •j 
.1 
broad spectral of the scattered light will cover or confuse the internal motion 
contribution. . 
.I 
I d. a clean solution without any dust particles is essential to have a good dynamic LLS 
.:?i 
'I 
measurement，because in very dilute concentration range and at high scattering angle, 
j j 
••S 
the scattering intensity was so weak that the signal-to-noise ratio could drop down 
.1 
.;! 
’ from � 0 . 9 to as low as �0.05，where an overnight data accumulation is necessary. 
1 
• , 
(3) To prove the additional broadening of the line-width distribution in dynamic LLS 
1 
caused by the chain conformation distribution, the conditions mentioned above still 
i 
should be satisfied. 
：•', 'i . 1 
a. Narrowly distributed polymer standard sample has to be used, because for a broadly 
distributed sample, this "chain conformation broadening" might not be very serious. 
, b. Long flexible polymer chains, or high molecular weight sample, has to be used to 1 
！ 
produce an evident broad conformation distribution. 
:j 1 
,i 
I c a very dilute polymer solution has to be used to diminish the intermolecular 
l 
j entanglement. 
(4) To study the phase transition of PNIPAM microgel by LLS, a monodisperse 
! 
I Spherical microgel sample in submicrometer range has to be synthesized. 
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Chapter 2. Basic Theory 
. • 
! 
2.1 Laser Light Scattering(LLS) 
Static LLS The LLS theoryioo,ioi has shown that the excess absolute time-averaged 
f 
； scattered light intensity (known as the Rayleigh ratio [ARw(0)]) can be expressed by 
I Kc： = _ ^ + 2A9c (2.1.1) 
： A R , , ( 0 ) 鋪 ) 2 
I 
I where K = 47cV(an/W)2/(NAXo4) with NA, n and Xo being Avogadro's number, the 
J 
41 
I solvent refractive index and the wavelength of light in vacuo, respectively; 0 is the 
scattering angle; c is the polymer concentration (g/mL); and A2 is the second virial 
I coefficient. 
l| p(9) is particle scattering factor which describe the efFect ofthe angular dissymmetry 
‘ I -
i 
'i on the scattering intensity. In the case of a flexible macromolecular chain, P(0) can be 
expressed as 
n^(^A 
P(e) = i - ^ ! - ^ ^ (2.1.2) 
where q = (47in/X,o)sin(9/2). This relation between P(0) and <Rg> of a macromolecule 
‘ is a useful general result, since it is independent of molecular shape. 
For q2Rg2 « 1 , we can use l/(l-x)«l+x for small values of x, the expression for the 
.1 
•1 ;j 
I scattering intensity for vertically polarized light as a function of concentration and 
i I 
observation angle is 
i • Kc = l f i + j y ( R ^ ) ) + 2A2C (2.1.3) 
I ARvv(e) MV 3^ \ g/) 2 � 7 
) ‘ . 
This expression is only appropriate for dilute solutions and small scattering angle. 
20 
For polydisperse systems (for most polymers case), the measured molecular weight M 
is weight-average one(M^) and the mean square radius of gyration is z-average one 
(<Rg> ), respectively. 
Eq (2.1.3) implies a double dependence of scattering intensities on concentration c 
and observation angle 0. Therefore, in order to measure the second virial coefficient， 
the scattering data for each concentration must be extrapolated to zero angle, when 
K c 1 
=-7-+2A2c (2.1.4) 
A R ^ ( 9 ) Mw 
wv ,ie=o 
Correspondingly, in order to measure the mean-square radius of gyration, the 
scattering data for each angle must be extrapolated to zero concentration, when 
K c 1 1 � / , \ 
7"V = - + - ^ q ^ ( R ^ ) (2.1.5) 
ARvv(e) ^w 3 M . M s / , 
vv c=0 
The common intercept of the two plots gives the reciprocal of the molecular 
weight. Normally, a graphical method, proposed by Zimm^^ ,^ is used to do this double 
extrapolation. 
Dynamic LLS Normally, a precise intensity-intensity time correlation function G^(t,q) 
in the self-beating mode is measured, which has the following form^® '^^ ^^  
G2(t,q) = <I(t,q)I(0,q)> = A[1 +p|g("(t,q)|2] (2.1.6) 
where A is a measured baseline; P, a parameter depending on the coherence of 
detection;io5 t, the delay time; and g(i)(t，q)，the normalized electric field time 
correlation function which can be related to the line-width distribution G(F) by 
21 
g(i)(t,q) =< E(t,q)E*(0,q) >二 J"G(r)e"^Mr (2.1.7) 
where the line-width r usually depends on both C and 0 which can be expressed as 
^ = D(1 + kdC)(l + fR^q^) (2.1.8) 
q 
where D is the translational difcsion coefficient; ka is the diffusion second virial 
coefficient; and f is a dimensionless constant which depends on the chain structure, 
polydispersity, and solvent quality. For polymers with flexible chains in a good solvent, 
f is between 0.1 and 0.2/®^ Both thermodynamic and hydrodynamic interactions 
contribute to ka, which can be further expressed as^ ^^  
kd=2A2Mw-CDNAR^/Mw (2.1.9) 
where Co is an empirical positive constant. 
__^_^ ^ 
When the solution is extremely dilute and Rgq « 1, the ratio of F/q is 
approximately equal to D. G(F) in eq (2.1.7) can be obtained from the Laplace 
inversion of the measured G^,q). Furthermore, at C ~> 0 and q —0, G(F) can be 
converted to the translational diffusion coefficient distribution G(D) on the basis of eq 
(2.1.8) and to the hydrodynamic radius distribution f(Rh) by using the Stokes-Einstein 
equation, Rh = kBT/(671r|D) where ke is the Boltzmann constant. 
A general purpose and flexible method of inverting DLS data has been developed 
under the name CONXrN/^^ This has been widely applied in DLS studies with 
excellent results for DLS data having low noise.The program contains safeguarding 
constraints to avoid the ill-posed nature of the inversion. An early method of analysis 
was based on a cumulant expansion^^ '^^ ^^ of the correlation function 
22 
1打|8山(0| = i — r t + ^ M ] —去时 3 + T [ k - 3 p i i ] t ' + …-
m (2.1.10) 00 _|m \ ^ 
= 1 + Z k n , ( r ) -
m=i m ! 
im 
where k ^ = (-1)^——lng(i)(t) is the m^ cumulant of g")(t) and i^i = 
L d t � t = o 
产 
J ^ ( r - r ) ^ G ( r ) d r . Eq (2.1.10) may be fitted by a least squares routine to the 
correlation function and values for \X2, \X3, ... obtained. The average width 
r 二 j^^rG(r) dr . The variance is [i2 / f ^ with [i2 = l^i^ - r )^G(D dT. 
\ 
2.2 Polymer Chains in Solution 
'i 
i 4 
:丨 Single Chain Collapse For a given polymer solution, the solvent can change from a 
I j ' i 
good to a ©-solvent and finally to a poor solvent，or vise verse, with temperature 
i 
change. When the solvent quality is poor, a flexible polymer chain contracts. By using 
1 
M • 
：； the modified Flory theory, the chain contraction (or collapse) has been formulated in 
：丨 
丨 terms of an expansion factor a [= R(T)/R(0)] by^ ^^ '^ ^^  
^ ^ = l ( 0 / T H + # + l (2.2.1) 
3r 2 小 
where (j> 三 ^o/a^ with ¢0 the fraction of space occupied by chains whose radius of 
I 
r\ 
] gyration Rg is equal to the ideal value Rg； r is the number of residues, which may be 
one monomer unit or a number of repeat units grouped together; and R(T) and R(0) 
！ are the radius of gyration and hydrodynamic radius at temperature T and the Flory 0 -
1 /^  
I temperature, respectively. In eq (2.2.1),小 has to be less than one, i.e., a > (j>o . The 
23 
19 jY2 一1/2 
maximum observed value of 小 in this study was ~0.5. If r ~> 00 , ¢0 — {—) r . In 
a good solvent, a > 1 and 小 « 1. After expanding ln(l - ¢), we can rewrite eq (2.2.1) 
11 ^ 
in a more familiar form as， 
a6 (1 — a2 ) + 0.102+... = 0 .180a^x(^)们 (2.2.2) 
Mo 
where T [= (T - 0) /0] is the reduced temperature; [(T - 0)/T] is approximated by x 
since T is near 0 ; and we have replaced r by (Mw Mo) with Mw and Mo being the mass 
of the polymer and that of the "residues", respectively. Eq (2.2.2) shows that as a 
decreases, a^M|^^x approaches a plateau if the higher order terms can be dropped at 
small a and Mo is T-independent. Moreover, eq (2.2.2) shows that a^M]j,^x scales as 
a function ofM^^^x. 
i The CoU-to-globule Transition Kinetics In comparison with the theoretical 
S development ofequilibrium single chain globule, little theory has been published on the 
i kinetics of coil-to-globule transition. The proposed theories are either qualitative 
i； 
I d e s c r i p t i o n s i i 4 or computer simulations with a limited chain length/^^ One decade ago, 
1 
^ de Gennesii6 stated that if a polymer chain is quenched in a poor solvent the polymer 
与 
I chain will adopt a "sausage"-like conformation wherein each block of "sausage" will ] 
I gradually shorten and thicken in a self-similar manner during the chain collapse. By 
using solvent viscosity data, the characteristic relaxation time was estimated to be in 
i 
I the order of -10"3 sec, much shorter than the experimental value (-10^ ),^ ^ if it was 
i identified with the initial kinetics. This discrepancy may be attributed to the higher i • 
j • 
i local viscosity when the polymer chain is collapsed and to possible topological 
24 
‘ 
！ constraints and self-entanglements inside the globule which will certainly slow down 
a -
i the kinetics. 
f f 
On the basis ofthe above concepts, Grosberg et al. qualitatively predicted that the 
I 
• collapse could be a two-stage process，i.e., a fast process similar to that described by 
• 1 
de Gennes and a slow process assumed to be similar to self-reptation. The fast 
1 
i collapse could be visualized as crumpling; followed by a slow knotting process. In the 
first process, the chain density in its occupied volume increases fast as the chain 
collapses, while in the second process the chain density increases much more slowly 
during the rearrangement of the collapsed chain in the globule. The relaxation times 
• . 98 114 
I associated with these processes, i.e., Xcrum and Xeq, can be written as , 
J 
j ^crum t M ^ .芸.(OCcrum 丨 ^^eq)^ ( 2 . 2 . 3 ) 
i 
and 
XeqOcM -^；^ » Tcrum (2.2,4) 
0 
where r| is the solvent viscosity and the ratio of the expansion factors acmm/oteq is like 
g, related to the size ratio/^^ 
g = Rcn,m/Req = (l+Cy'' (2-2.5) 
where ^ is a constant. In practice, it is rather difficult to verify this two-stage collapse 
1 
I experimentally because the time for the polymer solution to reach temperature 
1 equilibrium after a temperature jump is longer than the relaxation times. This is why 
! 
98 
only one experimental result has been reported so far. 
Internal Motion of a Flexible Macromolecules in Very Dilute Solution Pecora 




I monochromatic laser light beam, the spectral distribution of the light scattered from a 
1 lS 
1 flexible polymer chain can be written as 
,i 
： ! 
S(q,co) = (1 / 27i)je-'"e-^^^'^'j(q,t) dt (2.2.6) 
I where ® is the difference between the angular frequency ofthe scattered light and that 
i of the incident light, q is the scattering vector as previously defined, D is the 
translational diffusion coefficient for the center of mass of the polymer chain; and the 
function 
j ( q , t ) : ( ( l / N 2 ) i i e - i ^ C ) � ( t ) l ) (2.2.7) 
\ p=0m=0 I 
is the spatial Fourier transform of the segment-segment time correlation function. It 
arises from the interference ofthe scattered lights from different segments in a polymer 
chain with N such segments. It contains all the temporal and spatial information on the 
intramolecular (or internal) motion of a polymer chain, rp(0) is the position of the pth 
segment at time 0; and rm(t), that of the mth segment at time t, both are referred to the 
center of mass of the polymer. 
In order to perform the ensemble average in J(q,t), a model for the internal motion 
of a chain is needed. By incorporating the Oseen-Kirkwood-Riseman hydrodynamic 
interaction into the bead-and-spring model, Perico, Piaggio and Cuniberti (PPC) have 
shownii9 
丨 j N 
S(q,C0)=Po(x)L(0),q2D)+ SPi(x,a)L(ca,q2D+i;0 + I a=l 
1 
Z EP2(x,a,p)L(co,q2D+ra+rp) + (2.2.8) 
! a=ip=l 
S S 1P3(x,a,P,y)L(co,q2D+Fa +Fp +F,) + …… 
a=ip=ly=l 
where the functions 
26 
L ( o ) , r ) = ^ ^ ^ ^ (2.2.9) 
represent the co-normalized Lorentzian distributions, with T being the half-width at 
half-height, i.e., the line width; and the PnS (n = 0，1, 2，...）determine the contributions 
of the different Lorentzians to the spectrum of the scattered light. The zeroth-order 
P�(x) represents the contribution ofthe translational diffusion; Pi(x,a), the first-order 
contribution ofthe ath internal mode; P2(x,a,P), the second-order contribution of the 
ath and pth internal modes; and so on. When x < 1, the spectral distribution is 
measured in the long wavelength regime and hence P�(x) is dominant in S(q,co). As x 
increases, the light probes a portion of the chains and the contributions from Pi(x,a), 
P2(x,0c,P) and other higher-order terms become more and more important. PPC have 
numerically shown that P2(x,l,l) is the largest contribution to S(q,co) among all 
Lorentzian terms associated with the internal modes. 
； In a modern dynamic laser light scattering experiment, the intensity-intensity time 
I correlation function of the scattered light is usually measured from which S(q,t), the 
' I ‘ “ 
Fourier transform of S(q,co), is determined. f 卜“> 
f'i i ^' 
i 2.3 Swollen Polymer Gels 
^ 
突 . 
Thermodynamics ofthe Volume Phase Transition of Gels The swelling and collapse ofa 
.1 
polymer gel can be characterized by the Unear expansion factor a=(YfVo)^^=(<l>0/W^^. 
where cj)© and 小丁 are the volume fractions of the gel networks at the temperature 0 and T， 
respectively. In the mean-field theory the free energy (AF) of a neutral polymer network has 
j two parts,7o,i2o i.e., 
AF = AFm+AFei (2.3.1) 
27 
4 1 � 
i. 
with 







i ^ ; ^ 2 - i _ i n a ] (2.3.3) 
丨 el 2N L 
1 
i 
where AF^ and AFei represent the free energy contributions of mixing and elasticity, 
respectively; %, the Flory's interaction parameter; and N， the average degree of 
polymerization of the subchain between two neighbour crosslinking points�The 
temperature dependence of % can be expressed as 
丨 _ ^ = A H m - T A S m (2.3.4) 
！ ^ " 2 k e T 2 k e T 
i 
j where AH^ and ASm are the enthalpy and entropy changes of polymer-solvent mixing, 
respectively. The osmotic pressure n is given by 
n = d > 2 _ ^ ) (2.3.5) 
^ 
At swelling equilibrium, U = 0. The phase diagram for a phantom network can be 
calculated from a combination ofeqs (2.3.1)-(2.3.5) and 
： — £ + ^ { * ( « ' - 2 a V 2 « ” n ( l - 》 ) - 2 ~ « 3 } (,3.6) 
.j 
Swelling and Shrinking Kinetics of gel. The swelling kinetics of a spherical gel was 
i 
j first formulated by Tanaka and Fillmore on the basis of cooperative diffusion theory/^^ '1 "i 
. i 
j wherein the shear modulus was considered to be negligible in comparison with the 
1 . 
osmotic compressional modulus. By including a nonnegligible shear modulus Peters 
and Candaui22 developed a general model to characterize the swelling kinetics of 
123 
spheric, cylinderical，and disk-like polymer gels. Recently, Li and Tanaka proposed a 
28 
j two-process mechanism after realizing that neither gel swelling nor shrinking can be 
h 
I considered as a pure diffusion process. They predicted that the shear modulus (G) is 
i 
h 123 ( related to to the net osmotic modulus (Mos) by 5 . ？ 
R 
' R = — = ~ " V - (2.3.7) 
M � s K。s+^G 
i 
Where G，Mos, and Kos are the shear modulus, the longitudinal osmotic modulus, and .i • 1 
the bulk modulus, respectively. 
ti 
I 
\ Li and Tanaka's swelling or shrinking equation is 
1 . 




where W and Woo are the solvent uptake at time t and at equlibrium, respectively; 
3 
[(Woo-W)AVoo], the relative swelling capacity at time t; Bn, a complicated function ofR; 
and Tn, the relaxation time related to nth mode. When t is very long or Ti is much larger 
than Xn(n>l), all high-order terms (n>2) in eq (2.3.8) can be dropped. In this case, the 
j 
i swelling and shrinking is a first-order process，i.e., 
•I / \ 
[ w - W l 
i ln ^ - l n B , - t / x , (2.3.9) 
I \ 見 
\ Where B i is related to R b y ^ 
•^  _ • 
i 
i B i = 2 2(3 — 4R) (2.3.10) 
I 1 a f - ( 4 R - l ) ( 3 - 4 R ) 、 乂 
j . .j 
j and Ti is related to the collective cooperative diffusion coefficient D � o f a gel at the 
I I • 
] 
surface 5 严 I 
i 
cZ^ 
D e = ^ (2.3.11) 
TiOti 
i 
where oti, being a function ofR, i.e., 
29 
_ — 
R ^ 1 i + a!Jo(ai) (2.3.12) 
4L J , ( a i ) -
c, being a constant dependent on the geometry of the gel, i.e., c = 1, 3/2，and 3 for 
spherical-, cylindrical-, and disk-shaped gels, respectively, and Zoo, being the disk 
thickness in the final equilibrium state. A measurement of (Woo-W)AVoJ verusus t can 
lead to Bi, Xi, R , and Dc on the basis of eqs (2.3.10)-(2.3.12). 
2.4 In-situ Interferometry 
The basic principle is schematically shown in Figure 2.3.1. When a laser light hits a 
thin film at an angle of0 ' smaller than the critical angle, it will be reflected twice by the 
interfaces between the film and the surrounding mediums due to difference in the 
refractive index (n', n � and n'" respectively). The two reflected light beams (lR,i and 
lR^ 2) have an optical path difference of2n"z cos(e") with z being the film thickness(� 
10-100 ^im). The interference ofthese two reflected light beams at the detector leads 
to the intensity (I) as a function ofz, i.e./^^ 
， 2 [47rn"zcos(0")l / � m � 
I = E | , i + E L + 2 E R , i E R 2 co^ r (2.3.13) 
L 八0 � 
2 
where ER,i and ER,2 are respectively the electric fields oflR,i and lR,2, i.e., lR,i=ER,i and 
lR,2=ER,2^ ; and %o is the laser wavelength in vacuum. Eq (2.3.13) shows that i f z is a 
function oftime，I varies with z between the minimum (ER,i- ER,2)^  and the maximum 
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Figure 2.3.1. Schematic of a normal in-situ interferometry setup, where a Nd-YAG 
solid laser (Xo = 532 nm) is used as the laser source and the two reflected light beams 
are interfered at a photodiode to produce a voltage signal (V). The angle 9 has been 





Chapter 3. Results and Discussion 
3.1 Linear PNIPAM Chains 
I 
I 




i A set of broadly distributed PMPAM samples were obtained by free-radical 
i 
polymerization and fractionation. The solution properties of both unfractionated and 
I fractionated PMPAM samples in THF and water at 20°G were investigated by LLS. 
j In static light scattering, the angular dependence of the excess absolute time-averaged 
scattered intensity, known as the excess Rayleigh ratio PU(0)] was measured. For dilute 
i 
solutions, by measuring Rw(0) at a set of concentration C and scattering angle 6, we could 
determine the weight average molecular weight Mw, the second virial coefficient A2, and the 
root-mean-square z-average radius < Rj >^p from a zimm p l o t . — The results are 
summarized in Table 3.1.1.1. For the unfractionated samples, the agreement between the 
！ 1 
! Mw values obtained in THF and in water is rather satisfactory. The identical Rg and A2 
i 
values ofPMPAM in THF and in water indicate that there is no significant difference in the 
interactions between PMPAM and these solvents at 20°C. For fraction 2-4，the values of 
A2 and Rg in THF are comparable with those in literature^^ for similar molecular weight 
However, in comparison with the fractionated sample with a similar molecular mass, the 
values of A2 and Rg of unfractionated sample are quite different，i.e., A2 is negative and Rg 
is relatively larger. 
At first, we attributed this negative A2 to the possible chain structure difference of the 
• 1 1 3 
PMPAM synthesized in our laboratory. High resolution H and C n.m.r. was used to 
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i| Figure 3.1.1.1 The labelling schemes ofthe monomer NEPAM(a) the polymer PMPAM (b) 
I / i 
Table 3.1.1.2. Assignment ofH species in the monomer NPAM according to the labelling 
scheme in Figure 3.1.1. la 
! 
50¾ ppm) Assignment "JijOHz) (multiplicity) 
~~~ 5.608 ^^ ^ba=1.47 (quartet) 
3j^ = 16.96(quartet) 
I ‘ 6.260 Ha 'Jbc=1.47 (quartet) 
J^ac = 10.27 (quartety 
6.069 Hc 'Jea = 10.27 (quartet) 
3jcb = 16.96 (quartet) 
5.619 Ha 3jde= 7.56 (broad) 
4.156 He ^Jed= 7.56 (multiplet) 






The complete proton assignments are summarized in Table 3.1.1.2 according to the 
•I 
1 
j labelling scheme in Figure 3.1.1.1a. The chemical shift ofthe methyl protons was 1.184 
.�.:', 
(average between 1.190 and 1.177) ppm and the corresponding coupUng constant with N-
j isopropyl proton was 6.30 Hz. CoupUng between the amine proton (¾) and the N-
I isopropyl proton ¢^ ) was also determined (7.56 Hz). The ^ n.m.r. spectrum of the 
polymer was generally featureless. However, the AMX part of the spectrum from the 
i 
terminal vinyl group in the monomer had disappeared, but very broad peaks in the 
methylene region were detected. This suggests that polymerization occurred through 
opening of the double bond in the monomer(see Figure 3.1.1.1b). This suggestion is 
supported by a comparison ofthe results obtained in the ^¾ n.m.r. spectrum between the 
! ^ 
monomer and the polymer ^lgure 3.1.1.2). Li the ^¾ n.m.r. spectmm of the monomer 
^'igure 3.1.1.2a), the peaks at 131 and 126 ppm are respectively assigned to Ca and Cp in 
the vinyl fragment. Both of these peaks are absent from the ^¾ n.m.r. spectrum of the 
polymer, but two broad peaks are detected at 36 and 42.5 ppm in the methylene carbon 
region. The peak at 36 ppm is assigned to Cp, whereas that at 42.5 ppm is assigned to Ca as 
shown in Figure 3.1.1. lb. Although the increase in molar mass and size because of polymer 
formation may lead to an increases in the correlation time，which may account for the 
extensive broadening in both the ^ and the )¾ spectra, the presence of a distribution of 
backbone conformation in the polymer better accounts for the observed broadening of the 
13�n.m.r. peaks for Ca and Cp. No major changes were observed for the C=0 and the 
isopropyl group. FinaUy, we think that this negative A2 and larger Rg might be attributed to 
the broad distribution of the unfractionated sample, which contains some components with 
ultrahigh molar mass. 





























































































































































































































I ^  
、 
I 
(|g(i)(t,Q)|) can be determined from a measured intensity-intensity time correlation function 
G(2)(t，e). For a polydisperse sample, |gd)(t,e)| is related to G(r) by 
|gW(t,e)|=< E(t,0)E*(t,0) >= j ;G( r )e" ' ' d r (3.1.1.1) 
I 
where G(r) is the normaUzed characteristic linewidth distribution. For finite q and C，the 
I characteristic linewidth T can generally be expressed as i% 
i 
r / q 2 = D : ( l + kdC)(l + f < R : > q 2 ) (3.1.1.2) 
where k<i is the second virial diffiision coefficient and f is a dimensionless constant which 
depends on polydispersity，chain structure, and solvent quaUty. Therefore, we can reduce 
I 
G(r) to the translational diffiision coefficient distribution G(D). 
Figure 3.1.1.3 shows two typical translational diffiision coefficient distributions for the 
unfractionated PMPAM sample in THF and in water at 20°C. For the sake of comparison, 
D has been scaled by the solvent viscosity (r|). As expected, for a given PNEPAM sample, 
the distributions obtained in different solvents are very similar in shape and peak position. 
Both the distributions in Figure 3.1.1.3 have a long tail in the large diffiision coefficient and 
which corresponds to low molar mass PMPAM. This long tail indicates that the 
unfractionated PMPAM sample has a very broad molar mass distribution. The distributions 
of the three fractionated PMPAM samples are narrower than those in Figure 3.1.1.3, but 
still too broad to be used in a theoretical modelUng. 
On the basis of eq 3.1.1.2, we can get < Do>z from a dynamic zimm plot at q~>0 and 
C">0. Furthermore, the average hydrodynamic radius <Rh>z can be calculated by replacing 
D with < Do >z in the Stokes-Einstein equation Rh=kBT/67cr|D, where ke, r| and T are the 
Boltzmann constant, the solvent viscosity and absolute temperature, respectively. The 
values of < D^ >^,< R^ >^ and < R: > f / < R^ >, are also listed in Table 3.1.1.1. it 































































































































































































































































































































































in THF is similar to that in water. We can conclude that the solvent qualities of THF and 
water are similar for the broadly distributed unfractionated PMPAM sample at 20°C. 
t； 
The values of < R^ >"2 / < R. >^ for both the unfractionated and fractionated PMPAM 
g z n z 
samples in THF are larger than the values in the literature.^ ^ It should be noted that 
Kubota et al.^ ^ made a mistake in converting D to Rh in which they mistook rj^F (0.486) 
for Tj=ne (0.551). After recalculating <Rh>z with the right viscosity, the value of 
； -' 
< R2 >"2 / < R > for Kubota et al.^  would be 1.23-1.25 which is too low for a Unear 
g z n z 
polymer chain in a good solvent. Li addition, this value is in stark contrast to the 0^ value 
of 0.65 in the Mark-Houwink relationship ofPMPAM in THF at 27°C.^ ^ Jn comparison, 
the values of < R j >'/^ /<Rj^ >^ (-1.55) obtained in this work are more reasonable, 
showing that the PMPAM chain has a coil conformation in THF at 20°C. 
Besides the Mark-Houwink equation, the scaHng relationship between D and M, i.e. 
D = koM—aD，is often used nowadays to characterize polymer chains in solution, where ao 
is directly linked to the chain conformation. This linkage has been theorecticaUy predicted 
and experimentally proven. Normally, a^ can be obtained by measuring both D and M of a 
set ofnarrowly distributed standards. Unfortunately, owing to its polyelectrolyte nature, it 
is extremely difficult, or nearly impossible, to get a set of such narrowly distributed 
PMPAM standards. Therefore, we have to solve this problem in a different way. 
On the one hand, from static light scattering, when c—0 and G~>0, we have 
IoFwOVt)MdMocI (3.1.1.3) 
where Fw(M) is a weight-average molar mass distribution. On the basis of eq (3.1.1.1)，as 
t"^0 we have 
[g^^^(t,0)],_o = t G ( r ) d r X j;G(D)dD oc I (3.1.1.4) 
39 
Combination of eq (3.1.1.3) and (3.1.1.4) leads to 
j"F^ (M)MdM oc j"G(D)dD (3.U.5) 
which can be further written as 
A ^ 
]^FJM)M'd(lnM) oc )G(D)Dd(lnD) (3.U.6) 
where d(lnM) <^d(hiD) according to D ^ k ^ M ^^. After comparing both sides of eq 
(3.1.1.6)，it is not too difficult to find that 
Fw (M) oc ^ ^ oc G(D)D i+2/aD (3.1.1.7) 
All proportionality constants have been omitted from eq 3.1.1.3-3.1.1.7 since they are 
irrelevant to a given distribution. By definition 
'oO 1 /fY f00 
. o F w ( M ) M d M C D G ( D ) d D 
(Mw)calcd = ~ % = f o o 0 i,a (3 .1 .1 .8) 
j�Fw(M)dM J^  G(D)D'^^^dD 
where we have used dD oc M_(aD+i)dM on the basis of D = k^M"""^. 
Figure 3.1.1.4 shows a double logarithmic plot of < Dg >^ versus Mw for PMPAM in 
THF at 20°C. The solid line presents a least-squares fitting of <D^>z = 
< kD > M;;"aD> with <kc> = (2.86 士 0.10) x 10^ and <ao> 二 0.56士0.02, where "< >" 
means that the values are obtained from < D^ >^ and Mw instead ofD and M. At first, we 
tried to replace ko with <ko> and ao with <ao> in eq (3.1.1.8) to calculate OVIw)caicd from 
GOD), but we found that such QVlw)caicd values were much smaUer than the measured M^ 
values from static LLS. It is known in general that <ko> and <ao> obtained from a set of 
broadly distributed samples are usuaUy different from ko and ao, which forced us to use a 
recently developed method to obtain ko and ocD，instead of <ko> and <ao>, from two or 




































































































































































































































































































is outlined in the following. 
For N-number samples, we have N-number Mw values from static LLS and N-number 
G p ) values from dynamic LLS denoted as Mw,i and Gi(D), where i=l,2,...,N. By 
assuming a pair ofko and ao and using eq (3.1.1.8), we are able to calculate the N-number 
OMw)caicd, denoted as (Mw,i)caicd- The ratio of CMw,i)caicd/(Mwj)caicd is 
(Mw,iLled — [J:Gip)dD][J:Gjffi)D"aDdD] 
(Mwo)caicd [lrG,a))dD][l:G,a>)D^^^^dD] 
where ko has been eliminated. In principle, (Mw,i)caicd should equal Mw,i if otD and ko are 
properly chosen, and then the difference between Mw,iMwj and OVlw,i)caicd/(Mwj)caicd should 
reach a minimum. On the basis of the above discussion, two error functions are defined as 
‘ ! 
TTT>r>r^ T>/ \ V rMw，i (Mw，i)calcd i2 /o i i 1 0 � 
ERROR(ocD)= 2. [ ^ ^ — T^^Fl"""- (3.1.1.10) 
i=l，H Mw，j (Mwjicalcd 
and 
N 
E R R O R ( k D ) = Z[Mw,i - (Mw,i)calcd]2 ( 3 . 1 . 1 . 1 1 ) 
i=l 
It is clear that this procedure is an Mw-constrained analysis. First, by iteration oo, we can 
find a proper ao to minimize ERROR(ocD); and then, with this ocD, we can find ko by 
iteration to minimize E R R O R ( k D ) . In this way, we are able to obtain ku and ocD with only a 
set ofbroadly distributed samples. 
On the basis of eq (3.1.1.10)，we found a minimum value ofERROR(aD) at aD=0.540 by 
iteration for ocD. At this ocD value, the measured results from static and dynamic LLS, i.e. 
Mw and G<p), are well matched. Figure 3.1.1.5 shows a typical plot o f E R R O R ( k D ) versus 
ko for different values of ao. It can be seen that there exists a minimum E R R O R ( k D ) for 
each given otD and there exists an overall minimum at ao=0.540 and kD=2.49xl0^. This 





























































































































































































































































































































between < D?>, and M^, which is also drawn in Figure 3.1.1.4 ( dashed line ). After 
getting ko and ao, we can convert G(D) to Fw(M) according to eq (3.1.1.7). 
I The Fw(M) values ofunfractionated and fractionated PMPAM samples were calculated 
f from the GOD) values by using D=2.49xlO^M^"^^. The values of the polydispersity i n d e x 
MwMn calculated from these ¥JM) values are presented in Table 3.1.1.1. It is expected 
.1 1 ;j 
i that the Fw(M) of the unfractionated sample will be much broader than that of any 
fractionated sample. In addition, the unfractionated sample has a bimodal distribution. At 
:丨 ... 
this moment, we have no explanation for the connection between this bimodal distribution 
and the polymerization kinetics. 
•1 • 
I The relationship between D and M for PMPAM in aqueous solution is even more 
,1 
^ controversial. The first report ofthe Mark-Houwink coefficient o^ for PMPAM in aqueous 
solution at 20°C was 0.93 by Chiantore et al.^ ^ where a number of unfractionated samples 
were used. This o^ value impUes that the PMPAM chain in water is an extended coil at 
20°C. Kubota et al.^ ^ and Fijishige^ ® determined the o^ value (-0.50) ofPMPAM in water 
i ‘ 
I I at 20°C by using a set of fractionated samples with a narrower molecular weight i 
distribution OV^Mn � 1 . 3 ) . According to Flory^^^ ocD and 0^ are related by oo = (l^cQ/3. 
H*their39，4o o^ is correct, the values o fao should be 0.5.0，which means that water is a 0 
i 
I solvent for PMPAM at 20°C. However, according to their A2 values, the 0 temperature is 
30.59°C which is resonable since it is near the LCST ofPMPAM in aqueous solution. 
1 
Therefore, there is a contradiction between their a^ value (-0.50) and their positive A2 
values at 20°C. Li order to find the proper ocD and ko ofPMPAM in aqueous solution at 
20°C, we have utilized the following fact: for a given PMPAM sample, its molar mass 
distribution should be independent of the type of solvent used in its characterization, i.e., 






























































































































































































































































































































I Figure 3.1.1.6 shows five cumulative molar mass distributions calculated from the G(D) 
i j 
i values in Figure 3.1.1.3. For PNIPAM in THF, we have used the previously determined 
!l j 
I scaling relationship D = 2.49xl0^ M"^ 54o ^^ convert G(D) to Fw(M). For PMPAM in 
j 
water, we have tried four different values ofocD. Figure 3.1.1.6 shows that if ao=0.50, the 
difference between the molar mass distributions obtained in water and in THF is large. In 
.j 
contrast, if aD=0.54-0.56, the difference is less significant. After considering all the 
experimental uncertainties, we conclude that the proper values of ao and ko for PMPAM 
in water at 20°C should be 0.55±0.01 and (1.36i0.10)xl0^, respectively. With this pair of 
I ocD and ko, we finally converted the G p ) of the unfractionated PMPAM in aqueous 
solution at 20°C in Figure 3.1.1.3 into Fw(M). The calculated value ofM^Mi is listed in 
i Table 3.1.1.1，and it agrees well with the value obtained from THF solution. This ao values 
of 0.55i0.01 is also very close to the value of 0.56 which can be derived from the data in 
the literature,9 
3.1.2 Coil-to-globule Transition of Single PNIPAM Chains in Water 
Two very narrowly distributed (M^My, < 1.05) high molecular weight PNffAM 
samples were successfiilly prepared by a careful combination of both the fractionation 
and filtration. Hereafter，they are denoted as PMPAM-1 (Mw = 1.08xl0^ g/mol) and 
PNIPAM-2 (Mw = 1.21xl07 g/mol). With these PNff^AM samples, we have 
accomplished the study of the coil-to-globule transition of single PNIPAM chain in 
extremely dilute solutions ( � 5 ^ig/mL) by using laser light scattering spectrometer. 
Figure 3.1.2.1 shows the PNIPAM chain dimensions R as a function of the solution 
temperature, where "o" represent both the radius of gyration Rg and the hydrodynamic 








































































































































































































































































































































































thermodynamically stable one-phase region and kinetically stable twophase region, 
respectively, i.e., in region II individual PNH^AM chains first collapsed to densely 
i I 
_ 2 I 
packed single-chain globules which were only stable for a limited time period (-10 
min) and then these globules were thermodynamically driven to aggregate so that the 
system entered a two-phase region. Figure 3.1.2.1 shows that in the region o f T < 0 
the chain slightly shrinks as T increases and both Rg and Rh are linear functions of T. 
When T > 0 , the PMPAM chain starts to collapse and both Rg and Rh decrease 
dramatically as (T - 0 ) increases. Figure 3.1.2.1 also shows that when the temperature 
changes from 20 °C to 33�C，the PNIPAM chain dimension in terms ofRg decreases 
� 8 times whereas the decrease ofRh is much less in this temperature range, i.e., only 
� 3 . 5 times. This difference between the changes of Rg and Rh is understandable 
because they are defined in quite different ways. Rg is related to the actual space 
reached by the polymer chain, while Rh is only the radius of an equivalent hard sphere 
which has an identical diffusion coefficient D as the polymer chain in the solution. 
When the polymer chain is in an extended coil form, the water molecules in its 
occupied space are draining when the polymer chain diffiises，so that Rh is much 
smaller than Rg. In the collapsed state, the water molecules inside the globule are less 
draining so that Rg becomes smaller than Rh . 
Figure 3.1.2.2 shows Rg fRh as a function of the temperature, where all symbols 
and labels have the same meanings as in Figure 3.1.2.1. Figure 3.1.2.2 shows that the 
plots of "Rg /Rh vs T" for two different molecular weights have collapsed into a single 
line，which is expected because Rg^h depends only on the chain conformation, not on 
the molecular weight, as predicted and experimentally verified.ii2'i27,i28 ^ig^rQ 3.1.2.2 



































































































































decrease with increasing T as shown in Figure 3.1.2.1. The value o f � 1 . 5 2 is close to 
the predicted value for a flexible coil in a good solvent/^^ which means that when T < 
0 the PNffAM chain in water behaves like a random-coil in a good solvent and the 
conformation is T-independent. Figure 3.1.2.2 also shows that when T > 0 , Rg/Rh first 
decreases linearly with increasing T; and then drops just before entering the two-phase 
region II. A combination ofFigures 3.1.2.1 and 3,1.2.2 shows that the linear decrease 
ofRg/Rh in this region is mainly due to the fast decrease in Rg. We attribute this linear 
decrease of Rg/Rh to the chain crumpling process, whereby, a polymer coil contracts i 
^ 
towards its center and the chain segments at the center and near the surface of the coil 
should contract simultaneously. Both of the contractions lead to the decrease in Rg, 
while Rh is mainly afFected by the contraction near the surface. As the coil contracts, 
I 
the chain density increases and most of the water molecules inside the collapsed coil 
will be nondraining. Therefore, the collapsed coil with the water molecules caged 
inside will become more and more like a hard sphere. Rh should gradually approach to 
the actual outside dimension of the collapsed coil and the decrease in Rh will slow 
down. At present, it is not clear why Rg/Rh decreases linearly with T in that region. At 
T 三 32°C where Rg 三 Rh, the PMPAM solutions entered the two-phase region II. In 
this region, Rg and Rh were measured in the kinetically stable state, before the 
collapsed globules had a chance to aggregate. In the kinetically stable region II，Rg/Rh 
dropped from ~1 to a plateau value of �0.63. It is worth noting that Rg/Rh has dropped 
below 0.774, the predicted value for a uniform sphere. In the past, this point was 
repeatedly taken as a criterion whether a given polymer coil has reached a globule state 
with a uniform density,^ '^^ '^^ ^ But this prediction ofRg/Rh = 0.774 assumed a uniform 























































































































































































































































assumption is incorrect, might suggesting that during the collapse of the PNIPAM in 
water segments in the center of the coil contract faster than those near the surface. 
This leads to a higher density in the center ofthe globule. This observation is thermo-
• '•1 i 
dynamically reasonable because the chemical potential of water has to continuously 
1 
j decrease from the outside of the coil to its center as its microscopic concentration is j 
1 
decreased. It should be noted that this lower plateau value can also be seen in Figure 4 
• I 
ofref 23. However, it was overlooked there. 
•I . 
3 Figure 3.1.2.3 shows the scattered light intensity 1(0 = 15。）as a function of 1 
'i . j^ ‘ 
j temperature, where all symbols and labels have the same meanings as in Figure 3.1.2.1. 
1 ‘ 
According to eq (2.1.3), I(q) at a fixed scattering angle should be nearly T-independent ； 
I 
as long as there is no change in Mw and C, where we have assumed that n and dn/dC 
do not change too much in the small range ofT. This T-independence ofI(q) is shown 
in Figure 3.1.2.3 when T < 0. However, when T > 0 , but still in the stable region I， | 
I(q) started to decrease. First, we were astonished by this unexpected and strange 
I I: 1 i 
\ intensity decrease since if there is aggregation I(q) should increase. This cannot be 丨 
explained by the possible change of dn/dC, Rg or A2 according to eq (2.1.3) because in � 
！ 
I 1 
j the PNIPAM chain collapse, Rg decreases, A2 becomes more negative; and dn/dC (if 
,i 
:丨 
there is any changes) might increase slighly. Eventually, we speculated that the 
decrease of I(q) may be attributed to the multiple scattering inside the collapsed 
PMPAM globule in which the microscopic C is higher even though the macroscopic C 
is very low. The light scattered from the segments located at the center of the coil 
might be blocked by the segments near the surface when the scattered light travels 
1 
I 
from the coil center to the surface. Nevertheless, Figure 3.1.2.3 shows that in the 














































































































































































































































































































































































































































































































































































































































































































































































































































between the PNH^AM molecules. On the other hand, in the region II，I(q) increases 
with T, which indicates aggregation of collapsed single-chain globules. According to 
\ 
I eq (2.2.1), LLS is an extremely sensitive method to detect aggregates in a given 
I polymer solution because I(q) is directly proportional to the square of the mass M of 
'] 
the scatterer. Thus, Figure 3.1.2.3 supports our previous claim that the PMPAM 
f 




stable in region II. This can be further demonstrated by our dynamic LLS results. 
CJ 1 
S I 
； Figure 3.1.2.4 shows the hydrodynamic radius distribution f(Rh) ofPMPAM-1 at j 
I i 
^ .j 
: different times (t) after the solution was brought from 30 .59�C (the ©-temperature) to | 
I . I 
i 3 1 . 8 2 � C (still in the thermodynamically stable region I). In terms of the distribution 
•^  i I ‘ t ！ 
j width and peak position, the t-independence of f(Rh) indicates that the PNO^AM in 
water at T = 31.82 °C is thermodynamically stable. Moreover, f(Rh) shows that the 
PMPAM used in this study is narrowly distributed. In contrast, when T > 32.01 °C, 
i 
we saw a very slow aggregation process. 
i 
！ Figure 3.1.2.5 shows a typical slow aggregation process (in terms of f(Rh)) after 
i 
the same PMPAM solution used in Figure 3.1.2.4 was brought from 30.59 °C to 
33.02 °C. No aggregation can be detected in the PMPAM solution up to t = 1850 
•1 
j seconds. After standing at 33.02 °C for � 1 hr, f(Rh) gradually broadened. When t = 
{ 
1 • ！ 
:| . 
� 3 . 4 4 hrs, a second peak with a larger size appeared in f(Rh). The height of the second 
peak was low and represented the aggregates presumably made of individual collapsed 
single-chain globules. Experimentally, We found that the aggregation rate slowed 
I down as the solution temperature approached to - 3 2 . 0 0 � C . After a set of careful 
'i 
I experiments, we concluded that the phase transition temperature for the PNEPAM 
































































































































































































































































































































































































collapsing and dissolving processes of single PMPAM chains in water. 
Figure 3.1.2.6 shows the dissolving kinetics (in terms of Rh) of the highly 
collapsed single-chain (PNffAM-1) globule, where t is the standing time after the 
solution temperature was quenched from 3 3 . 0 2 � C to 30.02 °C. The experimental 
procedure was that first, the stable PMPAM solution was prepared at 30.02 °C and its 
Rh was determined (the dash-line in Figure 3.1.2.6); then，the solution temperature was 
.:j 'I 
increased to 33 .02�C and stayed at 33 .02�C for -10^ sec, so that individual PMPAM 
chains only had time to collapse into the highly compacted single-chain globule, with 
no aggregation among the globules (as shown in Figure 3.1.2.5); and finally, the 
solution temperature was quenched from 33.02 °C to 30.02 °C，and both Rh and t were 
immediately recorded after the temperature change. The insert in Figure 3.1.2.6 shows 
how fast the solution temperature was able to reach the equilibrium value, wherein a 
very special LLS cuvette made of a thin wall (-0.4 mm) glass tube was used for all 
kinetic studies. Figure 3.1.2.6 shows that the process of the globule ~> the extended 
i 
I coil (the dissolving kinetics) is too fast to be detected in our LLS setup, i.e., before the 
i 
solution reached its temperature equilibrium at 30.02 °C the highly collapsed PMPAM 
] 
globule already expanded into an extended coil. This fast dissolving time (< � 3 0 0 sec) 
j 
i -
indicates that there is no extensive chain knotting even inside the highly collapsed 
globule. i ] 
Figure 3.1.2.7 shows the PNIPAM chain collapsing kinetics after the PNffAM-1 
solution wasjumped from 30.59 °C respectively to 31.82 °C and 33.02 °C，where the 
temperature jump took � 4 0 0 sec. In the case of jumping from 3 0 . 5 9 � C to 33.02 °C 
] 
.i . 'i 
i (already inside the thermodynamically metastable, but kinetically stable twophase 
； 








































































































































































































temperature equilibrium the chain had already collapsed. This fast collapsing process 
might further indicate that no extensive knotting exists in the collapsed globule because 
the knotting should be a slow process especially inside the highly collapsed globule. 
When the temperature jumped to 31.82 °C (still in the thermodynamically stable region 
I), the chain collapse (the decrease of Rh) followed a very interesting two-stage 
1 
:i 
process. The first stage is too fast to be accurately recorded, so that it would be 
！ 
( 1 
difficult for us to quantitatively analyze the data in Figure 3.1.2.7. The estimated time 
1 i 
scales for these two stages are ~50 and ~300 seconds, respectively. To our knowledge, 
..丨 
i this is the first time that two-stage collapsing kinetics was ever observed in the 
j 
j 
j thermodynamically stable region. We might attribute the first stage as a simple 
i 
.j 
I contraction ofthe PNIPAM chain, which can be considered as a proportional shrinking 
j of the extended coil so that most of the existing topological constraints at 30.59 °C 
were "frozen" inside the contracted coil since the process is very fast. However, this 
contracted coil conformation is not thermodynamically stable at 31.82�C, so that the 
PMPAM chain has to relax into a thermodynamically stable conformation at 31.82 °C 
possibly by the crumpling predicted by Grosberg et al.''^ In comparison with the 
collapsed globule at 33.02�C，the thermodynamically stable globule at 3 1 . 8 2 � C is 
j twice as large. Iftaking the Rh at 31.82 °C and the Rh at 33.02 °C respectively as Rcmm 
j 
1 and Req in eq (2.2.5), we are able to obtain that C � 4 . 6 which is smaller than the 
i I 
j reported data (7 - 11) for polystyrene in cyclohexane.^ '^^ '^^ ^^ 
i .? 
Figure 3.1.2.8 shows a plot of the static expansion factor as as a function of the 
i . 
ti； 
I relative temperature 0/T, where 0Cs is defined as Rg(TyRg(0). When T < 0 the 
I 
experimental results are reasonably represented by the line with r = 10 .^ A similar 
112 











































































































































































































































































































































































































































































































































































good solvent wherein (j>o is expected to be a weak function of T. On the other hand, 
when T > 0 the measured a, drops much fast than the line with r = lO�. We do not 
understand this discrepancy. Apparently, the results can be partially fitted by the line 
with r = 106. The remarkable point is that a, decreases to a much lower plateau than 
I predicted in eq (2.2.1). This might be because the hydrophobic and hydrophilic 
j interactions in water are much stronger than those predicted by theory, 
i 
Figures 3.1.2.9 and 3.1.2.10 respectively show the plots of the scaled expansion 
I factor al%M]^^ and a ^ x M ^ ^ ^ as a function of i M f 。 S u c h plots have been reported 
丨丨 2 3 9 6 before for polystyrene in dififerent organic solvents and also for PMPAM in water. , 
• t 
•i . 
I Several points in Figures 3.1.2.9 and 3.1.2.10 should be noted. We observed a well-
{ established plateau for each PNffAM sample. The plateau values in Figure 3.1.2.10 1 
are very close to the estimate of~0.6 from eq (2.2.2)，but the plateau values in Figure 
3.1.2.9 are � 5 0 % lower than the estimate. The ratio of the plateau value in Figure 
3 
3.1.2.10 to that in Figure 3.1.2.9 is �1.45 which is much lower than (1.481/1.161)�2 
predicted b e f o r e , ^ but close to the experimental values (-1.44) for polystyrene in 
various of organic solvents.^ ^ Also, a^xM^i^ drops at higher xU]^^ (still in the 
thermodynamically stable one-phase region I)，which contradicts the prediction of eq 
(2.2.2). This paradox leads us to reexamine the conditions on which eqs (2.2.1) and 
:| • 
:j 
(2.2.2) were derived. In eqs (2.2.1) and (2.2.2), the possible change in the attractive 
interactions were not included. However, in the highly collapsed globule this 
assumption might be violated, wherein the attractive interaction between different 
i 
segments should be much stronger than in the extended coil conformation. This might 
explain why there is a drop followed by a plateau and might also be the reason for the 



















































































































































































































































































































































































































































































































































































































































































































































































































































1 1 /0 
/da � 6 a 5 - 8a^ = 0，i.e., a = 0.866, the scaled expansion factor a xM^ should 
！ 
reach a maximum, as observed in Figures 3.1.2.9 and 3.1.2.10. This agreement shows 
j that eq (2.2.2) works quite well until the plateau is reached. Finally, we like to discuss 
.:j •j 
the chain density in the globule. Our results show that even in the mostly collapsed 
I • 
j 3 
I globule where Rg /Rh � 0 . 6 2 the estimated chain density p is only � 0 . 2 g/cm，where 
•j 
! we used the simple approximation of p �M^ /[NA (4/3)7iRh^]. This means that the 
PNIPAM globule still contains � 8 0 % of water. 
,1 '•j 
3.1.3 Additional Chain-Conformation Broadening of the Line-width Distribution 
！ 
in Dynamic LLS 
1 
I 
i For flexible polymer chains there is an additional conformation distribution on top of 
I .:j 
the molecular weight (chain length) distribution in dynamic LLS because for a polymer 
chain in solution its conformation distribution will lead to a distribution in D. In other 
words, even for an absolutely monodisperse sample (every polymer chain has the same 
length), G(r)本 1 and eq (2.1.7) cannot be reduced into a relation of |g("(t,q)| oc e" '^. In 
this monodisperse case G(r) will reflect the conformation distribution, rather than the 
molecular weight (chain length) distribution. 
•i 
,! Figure 3.1.3.1 shows typical normalized intensity-intensity time correlation fiinctions 
J 
j [G(2)0;,q) - A]/A of the PMPAM solution at two different temperatures，where 0 = 
15°. In this doublelogarithmic plot, the step-like change of [G(2)(t,q) - A]/A as 
i ：.) t； 
time corresponds the relaxation process. The location of this step-like change at the t-
axis corresponds to the characteristic relaxation time (the line width in the frequency 
space) and the steepness ofthis step-like change is closely related to the broadening of 



















































































































































































































































































































































I the change in the plot. Figure 3.1.3.1 clearly shows that at T 二 3 1 . 8 2 � C the 
j characteristic relaxation time and the width of the line-width distribution are 
I respectively shorter and narrower than that at T = 25.02�C. On the basis ofeqs (2.1.6) 
； and (2.1.7)，we first calculated G(r) from the measured G(2)(t，q) by using a Laplace 
inversion program (CONTBST) equipped with the ALV-5000 time correlator; and then 
converted G(F) into G(D) by using eq (2.1.8), where the corrections of q — 0 and C 
“ 
~> 0 are very small since the scattering angle is small and the solution is very dilute. 
i 
^ 
j Figure 3.1.3.2 shows typical translational diffusion coefficient distributions of the 
same PMPAM solution at two different temperatures ("o"，T = 25.02�C; and "•", T = .j • 
.1 . 
31.82 °C), wherein the diffUsion coefficient distributions G(D) in Figure 3.1.3.2 can be 
j easily transformed into the hydrodynamic radius distribution f(Rh) by using the Stokes-
Einstein equation, Rh = kBT/(67cr|D) where ke, T and r| are the Boltzmann constant, 
the absolute temperature and the solvent viscosity, respectively. The average difRision 
j coefficient <D>, the relative distribution width \X2/<D>^  and the calculated average I .j 
i hydrodynamic radius <Rh > at two temperatures are listed in Table 3.1.3.1，where <D> 
1 I 
- A 
：  =J^G(D)dD, i^2 = f G ( D ) ( D - < D > ) ^ d D and <Rh > == f f ( R h ) R h d R h The 
\ 
\ values of<Rh> and i^2/<D>^ show a clear shrinking ofthe PMPAM chain in water and 1 5 
the narrowing ofthe line-width distribution when temperature increases from 25 .02�C 
. 
to31.82 °C. 
Moreover, the change of the <Rg>/<Rh> ratio from 1.53 to 0.97 indicates that the 
PNEPAM chain collapsed from an extended coil into a knotted globule when the 
！ temperature changed from 25.02 °C to 31.82 °C since the theoretically predicted or a 
flexible coil and a uniform hard sphere are 1.5 and 0.78, respectively. Next，in order to 





















































































































































































































































































































































































































































Table 3.1.3.1. Summary ofLight Scattering Results ofthe PMPAM Sample in Water 
at Two Different Temperatures. 
5 
8 
丨 T / (oC) 10 , < D � ^i2/<D>2 ^ ^ ^ < R g > / < R h > M w M n M z M . 
] cm2/sec nm 
( 
j • 
25.02 2.27 0.026 105 1.53 1.09 1.09 
31.82 5.36 0.0065 54 0.97 1.04 1.04 




i The relative errors: 
< D > & <Rh>, ±1%; ^l2/<D>2，MwMn & MzMv，±10%; <Rg >/<Rh> 土5%. 
Table 3.1.3.2. EfFect of Choosing ao in D = ko M""^ for the Conversion of the 
I Translation Diffusion Coefficient Distribution G(D) to the Molecular Weight 
Distribution F(M). 
•--
OCD ko Mw / (g/mol) M^Mn M^M^ 
j 
I 0.35 1.56 x 10-5 1.05 1.05 
5 





:^  — — — 
'i _ 




Figure 3.1.3.2 into the corresponding molecular weight distribution since the molecular 
weight (length) of a given PNffAM chain is independent on its conformation，namely 
if there was no broadening caused by the chain conformation distribution at 2 5 . 0 2 � C 
i • . . 
j we would obtain two identical molecular weight distributions even though their chain 
conformation distributions at the two temperatures are greatly different. For doing so, 
y 
we need to know the scaling constants ocD and ko in D = kDM—a�at each temperature. 
5 
From our previous study/^^ we already knew that at 25.02 °C ao = 0.55 士 0.01 and 
! ； 
！ ko = (1.36 土 0.10) X 10-4 The detail of transforming G(D) into a molecular weight 
1 I. 2 • I 91 129 
distribution can be found elsewhere.， 
. 
i The circles in Figure 3.1.3.3 show the molecular weight distribution F(M) 
3 
calculated from G(D) at 25 .02�C by using the known values of ao and ko. With this 
F(M), we were able to calculate its weight-average molecular weight Mw and 
:j . 
polydispersity indexes MwMn and MzMw，which are also listed in Table 3.1.3.1. As 
.,!’ 
for the ocD and ko values at 31.82�C, on the one hand, it is well known in theory that at 
j the Flory 0-temperature otD = 0.5 and for a uniform sphere ocD = 1/3; and on the other 
;| 
I hand, the <Rg >/<Rh> value measured at 31.82 °C is 0.97, which is between (3/5)i" 
(for a uniform sphere) and � 1 . 5 determined at 30.59 °C (the 0-temperature)/^^ Thus, 
we know that ao is between 1/3 and 0.5，but close to 1/3, a t31.82�C. 
Figure 3.1.3.4 shows two molecular weight distributions calculated from the same 
G(D) measured at 31.82�C，but with different ao values ("o"，ao = 0.45; and "•", ao 
7 
=0.35)，where we have used the previously determined Mw (= 1.08 x 10 g/mol) value 
I since for a given PMPAM sample Mw should be independent on the chain 
conformation. The width oftwo molecular weight distributions is summarized in Table 




















































































































































































































































































































































































































































































































































































































































































































































































































































final calculated molecular weight distribution. Therefore，we decided to choose 0.4 as 
an estimated ao to calculate F(M) from G(D) at 31.82 °C since the correct ao value 
I will not be too away from 0.4. For comparison，such calculated F(M) is also presented 
in Figure 3.1.3.3 by the symbol •••" and its polydispersity indexes Mw /Mn and MzMn 
are listed in Table 3.1.3.1. 
i Figure 3.1.3.3 and the final results listed in Table 3.1.3.1 show that the 
1 
conformation distribution existed at 2 5 . 0 2 � C did broaden the measured line-width 
distribution (and the molecular weight distribution) in dynamic LLS. For a broadly 
I distributed polymer sample, this chain "conformation broadening" might be not very 
+i 
i • . 
i serious. However, for a narrowly distributed polymer standard, it could be very 
:i I j 
.i 
j misleading. For example, in a common practice of estimating polydispersity from 
MzMw 二 1 + 4n2/<D>2,99 this "conformation broadening" could lead to a false 
distribution width, namely it will makes a narrowly distributed sample looks broader 
than the actual one. It should be pointed out that in principle this "conformation 
.j 
1 
broadening" should also exist in size exclusion chromatography (SEC) and 
i 
ultracentrifuge where they also rely on the difference in the hydrodynamic volume to 
determine the molecular weight distribution of a given polymer. i j :j i 
3.1.4 Internal Motions ofLong Linear PNffAM Chains in Water 
The PNIPAM sample with Mw = 1.21xl07g/mol and M^Mn � 1 . 0 5 was used for the 
study ofinternal motions offlexible chains. Static LLS results showed that Rg=180 nm 
nm for this sample at 15 °C. 
Figure 3.1.4.1 shows a typical plot ofthe line width distributions G(r/q^ ) of the 



















































































































































































































































































































































































































































I narrow peak was observed when 9 is small. The average line width <F> 
I [=J^G(r)rdr] is a linear function of q^  at x < 1 and the relaxation is diffusive. 
Therefore, Y can be related to the translational diffusion coefficient D of the PNIPAM 
linear chain by T = Dq^. Further, we can convert D to the hydrodynamic radius Rh by 
the Stokes-Einstein equation: Rh = kBT/(67nioD). The values ofRg /Rh of l .55 indicate 
that the PNIPAM linear chains at 1 5 � C are draining, flexible polymer coils in a good 
. solvem.ii3，i27 ； 
Figure 3.1.4.2 shows typical plots of G(Y/q^ ) vs F/q^ for individual PMPAM linear 
I • ‘ 
j 
chains at 15 °C and different x. The insert shows a 10-times enlargement of the second 
:i •i 
1^ 
� (smaller) peak of G(r/q^ ) in the range of 10'^  < T/q^ < 10"' cm^/s. G(T/q^) changes 
with X. At X < 1, there exists only a single narrow peak as discussed before. When x � 
1，a second peak appears at larger Hq^ while the first peak basically remains its 
position. This second small peak is related to the internal motions of the PNPAM 
2 
chain. As x increases further, the first peak becomes broader and shifts to larger T/q� 
i 
This is understandable because the observation length scale (l/q) is much shorter than 
Rg at larger x. More internal motions with larger r contribute to the relaxation and mix 
5 up with the translational diffiision in the measured spectrum. Finally, two peaks 
j merged into one broader peak because the line width associated with D increases with 
I 
q，while the line widths related to the internal motions are independent on q. 
Figure 3.1.4.3 shows a plot of <r>peak2/(Dq )^ vs x, where <r>peak2 is the average 
line width of the second peak in Figure 3.1.4.2. Just for comparison, previous 
； experimental data ofpolystyrene in toluene at 20 °C (ref 88) are also plotted in Figure 
j 
3.1.4.3. Clearly, the two sets of "<r>peak2/(Dq )^ vs x" follow a similar pattern. The 


































































































































































































































































































































































































































polystyrene in toluene.^^ According to existing theories for a flexible polymer coil in 
the free-drainingi3i and non-free-draining limits/^^ at x > 1, S(q, t) depends mainly on 
the first five relaxation processes, namely a pure translational term plus four principal 
, internal motions. In the decreasing order of the contributions to the spectrum, eq 
(2.2.8) in time domain at x > 1 can be written as 
S(q,t)=iPne-r(n)t (3.1.4.1) 
n=0 
where r(。）= Dq' , r (" = Dq' (l+2Fi /Dq^), r(') = Dq' (l+r2 /Dq' )，� � = D q ' ； 
(l+4Ti/Dq^ ), and [ � = D q ^ (l+2r2 /Dq^ ); and Pn (the numeric values) in the range 
1 
i : 




i r „ = ^ ^ (3.1.4.2) 
r|oM[rO 
where R, T, M, r|o and [r|] are the gas constant, the absolute temperature, the polymer 
I I 
molecular mass, the solvent viscosity，and the intrinsic viscosity, respectively. X^ is the 
1 
； eignvalues in the Zimm model.^ ^^ Using Dq^ as a unit and replacing q with x, we can 
rewrite eq (3.1.4.2) as 
, 0 . 2 9 3 X ! n R ^ 
彳 V ( D q 2 ) = 2 m (3.1.4.3) 
I X M[r|]Dr|o 
I 
1 
where RT/(Dr|o) = 67cRh NA (the Stokes-Einstein equation) so that 
) r " ( D q 2 ) = ^ ^ = 5 < ( R / R h ) 2 . ^ ( 3 1 , 
xM[r | ] X M[r| 
•j 
where M[r|] is a very good measure of hydrodynamic volume, i.e., M[r | ]y^ = 0 (the 
1 Flory constant), which is widely used as the universal calibration in GPC, and Rg/Uh :i •i 
depends weakly on the nature of polymer and solvent for flexible linear polymer chains 



















































































































































































































































































































































































































































































































































































polymer and solvent as long as the polymer chains are flexible and solvent is good. 
Figure 3.1.4.3 shows that the two sets of results from completely different 
polymer/solvent systems follow a very similar pattern, which indicates that the 
； prediction of eq (3.1.4.4) is essentially correct. 
On the one hand, by using the numeric values ofPn in ref 119 and the values of Tn 
1 
calculated from eq (3.1.4.3). for polystyrene in toluene at 2 0 � C , we were able to 
calculate the average line width <r>int associated with the internal motions.^ '^^ ^^ The 
:i 1 i 1^ 
j plot of <r>int / ( D q 2 ) vs X (the solid line) is shown in Figure 3.1.4.3. If eq (3 • 1 A. 1) was 
:] ;i j j 
i right, <r>peak2/(Dq )^ would follow the solid line. But, Figure 3.1.4.3 shows a clear s 
I . ] 




that the experimental data have a tendency to respectively follow the dotted lines of n 
= 1 in 1 < X < 3; n = 2 in 3 < x < 6; n = 3 in 6 < x < 10; & n = 4 in 10 < x< 15. In other 
words, if analyzing <r>peak2/(Dq )^ in Figure 3.1.4.3 by assuming <r>peak2/(Dq )^ = 1 + 
\ 2Fn /(Dq2), we are able to estimate Fi, r�，Fs and r4 in different ranges ofx. For x > 
1 ， 
15, two peaks in Figure 3.1.4.2 merge into a broader peak, which makes it difficult for 
us to get a precise <F>peak2 value from the spectral distribution G(F). Thus, we 
I 
\ 
I stopped the second-peak analysis at x > 15 to avoid any ambiguity. Both of 
i 
polystyrene in toluene and PNffAM in water show that the internal motions associated 
with 2Fn, i.e., Fn + Fn, dominate the relaxations measured in dynamic LLS in different 
ranges ofx. On the basis of eqs (2.2.8) and (3.1.4.1)，this (T^ + Fn ) relaxation implies 
a self coupling of the wth-order internal motion. At present, we still have no 
explanation why only this kind of self-coupled internal motions were observed in 
j 
j dynamic LLS. According to eq (3.1.4.1)，energetically, it is easier to excite the internal 
























































































































































































































































































































i fact that we observed 2F2 instead of Fi and 4Ti suggests that the ability of dynamic 
i . 
i LLS to measure a certain kind of internal motions may be related to the observation 
j -i ：) 
i length scale, l/q. In other words, even though there exist some energetically favorable 
i internal motions，we cannot "see" them in dynamic LLS in a certain range of x. It 
seems that Pn(x) values in ref 119 have to be modified to take into account the nature 
of dynamic LLS. 
Figure 3.1.4.4 shows a plot of <r>/(q^kBT/r|o) vs x"2 for the PNIPAM linear chains 
("o〃）at 15 °C, where <T> is the overall average line width defined before and ke is the 
boltzmann constant. For comparison, the previous results of polystyrene in toluene (A) 
are also plotted.^^ As x increases, <r>/(q^kBT/r|o) gradually decreases and approaches 
. 
a plateau. This scaling o fT with q^  is consistent with the non-free-draining bead-and-
spring model for flexible polymer chains in infinitely dilute solution/^^ which was also 
observed by other laboratories for polystyrene in various organic solvents.^ '^^ ^ '^^ ^^ In 
Figure 3.1.4.4, the plateau value (-0.05) of individual PMPAM linear chains is close 
to that of polystyrene in toluene, but significantly lower than the predicted values, 
namely 0.071 and 0.079 with or without a preaveraged Oseen tensor/^^ The lower 
plateau value of the PNIPAM linear chain in water supports, but does not prove the 
assumption that a number of energetically favorable internal motions are not 
observable in dynamic LLS at particular x due to the observation length scale l/q. 
3.1.5 Co-surfactant Effects of Linear PNIPAM Chains in Very Dilute 
Water/AOT/n-Hexane Microemulsion 
Figure 3.1.5.1 shows the temperature dependence of the average hydrodynamic 











Table 3.1.5.1. Dynamic LLS results of the H2O(PNffAM)/AOT/n-hexane 
T=25.02�C T=34.64�C 
I C/(g/mL) G/(。） <Rh>/(nm) H2/<r>2 <R^>/(nm) ^l2/<^>^ 
~~0.150 ^0 ^ 0 ^ ^ ^ 
90 23.5 0.04 37.2 0.04 
0.00150 15 4.50 0.05 2.35 0.07 
30 4.40 0.04 
=J^Rhf(Rh)dRh，e 二 30。，C = 0.150 g/mL and the water/AOT molar ratio ¢0 = 23. 
Dynamic LLS results at different T and 6 are summarized in Table 3.1.5.1. The 
microemulsion has a very narrow size distribution. In the range of 20-45 °C, <Rh> 
increases dramatically with temperature. Our results showed that at all temperatures 
the relaxation measured in dynamic LLS was diffusive and <F>/q^ (and <Rh>) is a 
linear function of q^  as predicted in eq (2.1.8). However, the q-dependence of <Rh> is 
not very strong even when <Rh> �80 nm at T = 45 °C because there should be no 
hydrodynamic draining and internal motions associated with the hard-sphere-like 
droplets in the microemulsion, i.e., f in eq (2.1.8) is very small. The change of <Rh> 
with temperature was completely reversible. We also observed that for a given 
temperature, <Rh> did not change with time even at or near the low critical solution 
temperature (LCST � 3 1 °C) ofPNIPAM in water. This strongly indicates that the 
microemulsion is thermodynamically stable. The results in Figure 3.1.5.1 agree with 
those from the H2O/AOT/isooctane system/^^ The fluorescence study^^\lso showed 
that the mean aggregation number N of the micelle increases with temperature. This T-
dependence of<Rh> was first explained by the assumption that the surfactant shell will 
• 136 r m ^ 
j lose some surfactant molecules to the inner water core as temperature increases. To 











































































































































































































































































































‘ the droplets have to aggregate with each other to reduce the total surface area. The 
-! 
1 
\ second explanation of this T-dependence of <Rh> was in terms of the intermicellar 
\ attractive interaction/^^ At a high dispersed-phase concentration, the hydrophobic tail j 
,j ofAOT from one droplet will have a chance to interact with the tails of AOT on other i 
droplets. For a thermodynamically stable microemulsion, the surfactant/oil interaction 
is stronger than the taiL t^ail interaction. As temperature increases, oil molecules will 
become less optimally oriented to interact with the tails of AOT, while the tai^tail 
interaction is less temperature dependent because the tails from two overlap droplets 
are always more or less parallel to each other. Therefore, the attractive force between 
！ • 
two droplets increases with temperature，so that the droplets aggregate and <Rh> 
increases. The above two aggregation mechanisms can be differentiated from the T-
dependence of <Rh> in a very dilute microemulsion, wherein the taiVtail interaction 
suggested by the second explanation should be greatly suppressed. 
Figure 3.1.5.2 shows a plot of <Rh> vs T after a 100-fold dilution of the 
H2O(PMPAM) /AOT/n-hexane microemulsion used in Figure 3.1.5.1, where C = 1.50 
X 10_3 gAnL and G = 15°. The distribution width (^i2/<r>^) and 0 dependence of <Rh> 
are also listed in Table 3.1.5.1. After dilution, the microemulsion is still narrowly 
distributed and there is no angular dependence of<Rh> since the droplet is very small. 
A comparison of Figures 3.1.5.1 and 3.1.5.2 shows that <Rh> decreases dramatically 
when C changes from 0.150 g/mL to 1.50 x 10"^  g/mL. Therefore，<Rh> shown in 
Figure 3.1.5.1 is apparent. This is exactly why we have to study a very dilute 
microemulsion. Figure 3.1.5.2 shows that in the range of 2 5 � C < T < 28 °C <Rh> is 
nearly independent of T, which fits the second explanation because in a very dilute 
















































































































































































































































































temperature increase cannot induce aggregation. When T > 28 °C, <Rh> decreases as 
temperature increases and finally approaches to a constant value of2.35 nm which is 
close to the radius of the AOT micelle in pure n-hexane. The sharp decrease in <Rh> in 
:'.! 
1 
j the range of30 °C < T < 31 .5�C might be attributed to the following two reasons. On 
the one hand, as temperature increases, hexane molecules near the hydrophobic tail of 
i 
.i • 
AOT would be less oriented because ofthe higher thermal energy�In order to stabilize 
! 
the microemulsion droplets, some water molecules have to be released into the bulk oil 
phase so that the total surface area of the droplets will reduce and the AOT 
concentration on the surface of the water core can be maintained. On the other hand, 
when T approaches to the LCST ( � 3 1 °C) ofPNffAM in water, the PNIPAM chain 
will collapse into a globule.^^ As a stabilizer, the PNffAM globule will lose its 
cosurfactant role. This is why Rh decreases much fast in the range of 30-31.5 °C. 
To verify this stabilizing or cosurfactant effect of PMPAM, we prepared a 
H2O/AOT/n-hexane microemulsion with an identical water/AOT molar ratio ofco = 23 
and dispersed-phase concentration o f C = 1.50 x 10"^  g/mL, but without PMPAM. In 
fact, such a H2O/AOT/n-hexane microemulsion was thermodynamically unstable� 
<Rh> of the freshly prepared H2O/AOT/n-hexane microemulsion is 3.61 nm at T = 25 
°C. At T = 35 °C, <Rh> decreased to 2.36 nm close to the radius of the AOT micelle in 
pure n-hexane. In Figure 3.1.5.2，the H2O(PNffAM)/AOT/n-hexane microemulsion 
has a similar <Rh> at T = 35 °C. However, the stability of the microemulsion with or 
without PNIPAM is much different. To demonstrate this difference, we first heated 
both ofthe microemulsions to 35 °C and then quench them from 35 °C to 25 °C. <Rh> 
was measured as a function oftime(t). 
i 
I 




























































































































































































































































































































Figure 3.1.5.3 shows a plot of <Rh> vs t for the H2O(PMPAM)/AOT/n-hexane 
("0") and H2O/AOT/n-hexane ("•") microemulsions at C = LSOxlO"^ g/mL and T = 25 
°C. For both of the microemulsions <Rh> increases with time after T drops from 35 °C 
to 25 °C. This clearly indicates that the AOT micelle was gradually swollen again by 
•| 
water at 25 °C. In first 2 hrs, the swelling was fast and then the swelling slowed down 
at a longer t. After 25 hrs, the H2O(PNPAM) /AOT/n-hexane microemulsion reached 
its stable state and <Rh> is the same as before the heating. In contrast，<Rh> of the 
H2O/AOT/n-hexane microemulsion only approaches 3.10 nm other than its original 
3.61 nm. This indicates that the heating and cooling process has brought the 
H2O/AOT/n-hexane microemulsion an irreversible change. In other words, this path-
dependence of<Rh> shows that the dilute H2O/AOT/n-hexane microemulsion without 
PNIPAM is thermodynamically unstable at C = 1.50 xlO'^g/mL, 
Figure 3.1.5.4 shows the C-dependence of <Rh> for the H2O(PNIPAM)/AOT /n-
hexane ("0") and H2O/AOT/n-hexane ("•") microemulsions, where T = 25�C and 0 = 
15°. Without PNIPAM, <Rh> is independent of C as long as C > 4.5x10'^ g/mL, but 
<Rh> drops as dilution when C < 4.5 x 10'^  g/mL. This C-dependence of <Rh> is 
similar to those in the H2O/AOT/decane^^^ and H2O/AOT/isoocatane^^^ 
microemulsions. The decrease of <Rh> with dilution in a ternary system has been 
attributed to the phase separation/^^ In contrast, with PMPAM <Rh> is larger than 
that without PNffAM at the same concentration; and the decrease of<Rh> as dilution 
• i 
is linear. The introduction of PMPAM in the water core stabilizes the water-in-oil 
microemulsion in the very dilute region. The slow and linear decrease of <Rh> with 
dilution can be explained in terms of the attractive interaction between the droplets. At 
'. % 










































































































































































































































































































































which leads to a larger apparent <Rh>. On the basis of eq (2.1.8)，the extrapolation of 
<r/q2> vs C to infinite dilution leads to a value of<D>c^o = 1.75 x 10'^  cm^/s and ka = 
-33 mL/g. From <D�c—o，we were able to calculate the true hydrodynamic radius of 
<Rh> = 4.17nm. 
1 
{ Figure 3.1.5.5 shows the scattering intensity (I) as a function of concentration (C) 
I for the H2O(PNffAM)/AOT/n-hexane ("0") and H2O/AOT/n-hexane ("•••) 
microemulsions, where 0 = 15�and T = 2 5 � C . In this dilute region of 1.50 x 10"^  < C 
< 7.50 xl0.3 (g/mL), the scattering intensity increases linearly as concentration, which 
is consistent with the results in ref 138. The scattering intensity of the microemulsion 
with PNIPAM is higher than that ofthe microemulsion without PMPAM at the same 
•i conditions. This intensity difference (AI) can be attributed to the light scattered by 
PNIPAM molecules (Mw« 6000) inside the water core. The increase of AI with C is 
due to the fact that the amount of PNIPAM in the H2O(PNIPAM)/AOT/n-hexane 
microemulsion increases with C. The formation of a series of stable dilute 
H2O(PMPAM)/AOT/n-hexane microemulsions enabled us to study it by static LLS. 
Figure 3.1.5.6 shows a typical zimm plot of the H2O(PMPAM)/AOT/n-hexane 
microemulsion, where ¢0 二 23, T = 25 °C, and C ranges from 1.50 x 10"^  to 6.00 x 10'^  
g/mL. On the basis of eq (2.1.3), we were able to calculate Mw = 7.80 x 10^  gAnol 
from the extrapolation of [HC / Rw (q)]q^o, c^o and A2 = -7.95 x 10"^  mol-mL/g^ from 
[HCy^w(Q)]q^o vs C. The size ofthe droplet is so small that an accurate <Rg> cannot 




In a water-in-oil microemulsion, I(solution) includes the contributions from the water 
core, oil and surfactant. Since we have used a mixture of oil and AOT as the 















































































































































































































































































































































































































































































































































































































































































































































only from the water core, namely the influence of AOT in the microemulsion has been 
\ 
\ 
j experimentally compensated. Here, Mw is the weight average mass of the water core. 
ri 1 I 
j The negative A2 indicates that n-hexane is a poor solvent even though the droplets are 
j 
！ protected with AOT and stabilized by PMPAM. The negative A2 in static LLS agrees j 
well with the negative ka in dynamic LLS according to eq (2.1.9). The change of 
[HC/Rw(6)]e^o vs C agrees well with the static structure factor S(^) vs the dispersed-
phase volume fraction f obtained by Dozier et al/^ ® Their results also showed a 
negative virial coefficient and a linear dependence of S(4>) on 小 when the 
microemulsion is dilute. 
Figure 3.1.5.7 shows a spherical core-shell model for the water-in-oil 
j microemulsion. On the one hand, for the narrowly distributed microemulsion droplets, 
Mw obtained in Figure 3.1.5.6 can lead to an average radius (<Rc>) of the water-core 
by using M ^ 二 4 / SnR^pN^, where p is the water density (-1.0 g/cm^). On the other 
hand, we know that <Rh>c^o = 4.17 nm in Figure 3.1.5.4. The difference between 
<Rh> and <Rc> is the surfactant shell thickness (b), i.e., b = <Rh> - <Rc> = 4.17 - 3.07 
=1.10 nm which is very close to the length of a AOT molecule ( � 1 . 2 nm) calculated 








: ^ ^ W a t e r c o r e w i t h V ^ ^ 
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Figure 3.1.5.7. Schematic ofa spherical core-shell structural model for the 












3.2 Spherical PNIPAM Microgels 
I 3.2.1 Volume Phase Transition of Spherical PNffAM Microgels 
••； 
I Figure 3.2.1.1 shows the angular dependence ofthe characteristic Hne-width distributions 
1 • . 
j GOr/q^) ofthe PMPAM microgel particles, where C = U8xlO_5 g/mL and T 二 15 °C. 
When e < 20。，only one peak with <F>/q^ �9.95xl0_9 cmVs was observed. This peak is 
related to the translational diffiision of the microgel particles in water, from which we can 
calculate the hydrodynamic radius distribution f(Rh). when 9 > 90°, a very small second 
peak (barely seen in Figure 3.2.1.1) appears at <r>/q2�1.45xlO-7 cm^s. This small second 
peak reflects the internal motion of the PMPAM subchains between two neighbour 
crosslinking points and it will be discussed in detail in next section. The first peak is very 
.! 
narrow and nearly independent on 0 in the range of 8° < 6 < 110°. This angular 
independence indicates a spherical symmetry of the microgel particles. The average 
hydrodynamic radius <Rh> ofthe PMPAM microgel particles is 190 士 5 nm at T = 15 °C. 
Figure 3.2.12 shows the temperature(T) dependence of <Rh> in water. When T < 31 
°C, the microgel particles shrink slightly as T increases. At a higher T，they undergo a phase 
transition and collapse dramatically as T increases from 31 °C to 3 5 °C. However, the sharp 
decrease o f<Rh> is continuous, in contrast with the discontinuous volume phase transition 
observed in bulk PMPAM gels. The phase transition temperature ofthe microgel particles 
is � 3 3 . 0 °C similar to that ofindividual PNffAM linear chains in water. Further increase of 
i 
I T had little effects on <Rh> which remained constant ( � 6 5 nm) when T > 35 °C. After 
determining the temperature dependence of <Rh>, we used static LLS to characterize the 






































































































































































































































































































































































































































































































































































































































































































































I different stages of sweUing and collapse, 
t I 
Figure 3.2.1.3 shows a typical Zimm plot ofthe PMPAM microgel particles in water, 
where T = 3 5 � C , 2.95xl0^ g/mL < c < L48xlQ-^ g/mL; and 20° < 0 < 140�KC/Rw(q) 
••'! •？ 
] 
] depends linearly on both 0 and C. Mw, <Rg> and A2 was obtained from eq (2.1.3). As 
shown in Figure 3.2.1.2, when T < 30 °C, the microgel particles sweUed in water and <Rh> 
is very large, so that an extrapolation ofKC/Rw(q) in the smaU angle range (6° - 20。）is 
• 
necessary. Table 3.2.1.1 summarizes the results of static LLS measurements at T = 30 °C 
and T = 35 °C. The large dnAiC increase from 0.181 mL.g"^  at T = 30�C to 0,201 mL.g'^  at 
T = 3 5 � C is attributed to the increase in the PMPAM chain segment density p from 0.021 
i • 
g/cm^ to 0.30 gAmi3，where p was calculated by p �Mw/p^4/3)7^^] . On the basis of the 
i 
p and Rh values in Table 3.2.1.1, we know that -94% of water inside the swoUen microgel 
network is driven out during the phase transition. The independence ofMw on temperature 
indicates that there is no aggregation, which would be expected to increase with T�Both of 
<Rg> and A2 decrease as T increases from 3 0 � C to 35 °C. The decrease of <Rg> reflects 
the clear collapse of the microgel particles. The change of A2 from positive to negative 
indicates that water becomes a poor solvent at 35 °C, just as for individual PMPAM 
chains in water. The 0-temperature ( � 3 1 °C) ofthe PMPAM microgel network in water, 
as estimated from the temperature dependence of A2, was similar to that of individual 
PMPAM chains. 
In Table 3.2.1.1 we compare results of the microgels with those ofUnear PMPAM 
i chains, whose Mw and M^Mn are 1.08x10? gAnol and 1.05, respectively. For PMPAM 
•j 
5 
microgel particles in water, <Rg>/<Rh> (~ 0.78 士 0.0¾ is very close to 0.774 predicted for 
a uniform hard sphere，The temperature independence of <Rg>/<Rh> shows that even in 






















































































































































































































































































































































































































































































































































































































































































































































































network the subchains are short and uniformly distributed. The value of<Rg>/<Rh> � 0 . 7 8 
also shows that the microgel particles are non-draining, i.e., all water molecules in the 
interior move with the microgel network. This constant <Rg>/<Rh> value suggests that the 
:1 :i 
„1 
'i coUapse speed in the center of the particle is the same as near the surface. This contrasts 
i 
A 
with the behavior of individual PMPAM linear chains in water, where <Rg>/<Rh> 
i •j 
decreases dramatically from � 1 . 5 2 to � 0 . 6 5 in the same temperature range and the chain 
conformation changes from an extended coil to a collapsed globule. This difference ； ! 
between the PMPAM microgel particles and individual PNffAM linear chains is 
understandable. When T < 30 °C, water is a good solvent and the PMPAM linear chain 
with an extended coil conformation is draining, which leads to a smaller Rh and a higher 
<Rg>/<Rh> value (~ 1.5). During the collapse, some water, especially that in the center of 
the coil, is expelled. The coil become less draining so that <Rh> approaches the outside 
radius ofthe coUapsed coil. The portion ofthe chain in the center of the coil should be less 
solvated and more compacted. Therefore, the density in the center of the collapsed single-
chain globule is higher than near the surface. This is why <Rg>/<Rh> is even lower than 
0.774 predicted for a uniform sphere. Table 3.2.1.1 shows that the chain density p ofthe 
PMPAM microgel network is only � 0 . 3 0 g/cm^ even in the coUapsing Umit, which is in 
143 
5 agreement with that ofbulk gels studied by small angle neutron scattering. This low chain 
jz —) density was explained by Grosberg etal. in terms of the concept of the crumpled globule 
i state.7o In comparison with the chain density (p � 0 . 2 0 g/cm^) of the PMPAM linear chain 
••^  4 1 
j in the globule state, the chain density ofthe microgel at its coUapsing limit is slightly higher, 
.j 
1 but still much lower than the density (~ 1 g/cm^) ofbulk PMPAM. In contrast, the chain 
density ofthe swollen microgel particles in the swollen state is � 4 times higher than that of 
'] 









































































































































































































































































































































































capabiUty can be better demonstrated by the expansion factor a. 
Figure 3.2.1.4 shows the expansion factor 0¾ [ = <Rh>/<Rh>*] as a function of 
‘ s\ 
� temperature, where <Rh>* is the hydrodynamic radius at coUapsing Umit; "0" represents for 
.i 
^ the PMPAM Unear chains (M^ = 1.08xl0^ g/mol and M^Mw < 1.05) in water at C 二 
] 
I 
4.60xl0^g/mL; and •’•"，forthemicrogel particlesinwater at C 二 L18xlO_5gArd .^ Both of 
the phase transitions are continuous. Three features in Figure 3.2.1.4 should be noted. First, 
as expected, the Hnear chains sweU much more than the microgel particles in the good 
solvent region. Second, the phase transition of the microgel particles is less sharp. Li the 
past, this less sharp phase transition was attributed to the irregularity of particle surface and 
the inhomogeneous particle size. This would make the phase transition of individual 
I PMPAM Unear chains even less sharp because a Unear chain has a wide distribution of 
^ 
’ chain extensions. We beUeve that the less sharp phase transition ofthe microgel particles is 
i 
due to different lengths of the subchains in the microgel network. It is known that for a 
given polymer concentration the polymer chains with different lengths undergo a phase 
transition at different temperatures. Third, the phase transition temperature of the microgel 
particles is ~1.5 °C higher than that ofthe PMPAM linear chains. This difference can also 
be explained in terms of the difference in the chain length. Jn comparison with the high 
molecular weight PMPAM Hnear chain, the subchain between two neighbour crossHnking 
points inside the microgel network is much shorter. QuaHtatively, the higher phase 
'( 
transition temperature can also be explained on the basis ofeqs (2.3.1) and (2.3.3). For the 
� linear chains, AF = AF ,^ while for the microgel particles, AF = AFm + AFei. Li a good 
•3 
] solvent, AF < 0 and both ofthe linear chains and the microgel particles are swoUen. When 
AF > 0，the segment-segment interaction is stronger than the solvent-segment interaction so 
j that the Unear chains and the microgel particles coUapse. According to eq (2.3.3)，When a 

























































































































































































































































































































































































































































































































































































































































































i . . 
gel is swoUen, a >1 and AFd > 0. The elasticity wiU retard the chain expansion in a good 
J V 
a 
I solvent, when a gel is shrunken, a < 1 and AFd < 0. AFei contributes negatively to AF and 
I 
I . 
1 the elasticity prevents the gel coUapse in a poor solvent. Therefore, the coUapse of a Unear 
chain is easier than that of a gel. Eq (2.1.3) also shows that AFei is inversely proportional to 
I 
I 1 
I N. This implies that in a poor solvent, the higher the crossHnk density (the smaUer N), the 
higher the transition temperature, as experimentaUy confirmed. ^ ^ 




function oftemperature, where 0 = 20° and C = 1.182x10"^ g/mL. The increase of<I> at T 丨 
I 
i ！ 
> 0 is attributed to the increase of dn/dC, i.e., (^)T=35°c«l-2(:7^)T=3o°c. In contrast, the 
dC dL 
I 1 
dn/dC ofthe Unear PMPAM chain in water is independent on temperature even at T > 0 . ！ 
This difference in the temperature dependence of dn/dC implies that individual PMPAM 
Hnear chains and the microgel particles might reach different collapsed states. 
Figure 3.2.1.6 shows that the distribution ofthe hydrodynamic radius is time independent, 
which indicates that the coUapsed microgel particles in water are thermodynamicaUy stable. 
No aggregation was detected even for one week at T = 39°C. By contrast，the single 
PMPAM Hnear chains are only kineticaUy stable in the coUapsing Hmit (T > 33 °C) and the 
1 
interchain aggregation occurred after -10^ sec even in very dilute sohrtion.^ 
I 
Figure 3.2.1.7 shows the coUapsing and sweUing kinetics (in terms of <Rh>) of the i . 
.! 
,j microgel particles, where t is the standing time after the solution was quenched from 35.0 
1 
I �. 
1 oQ to 30.0 °C, or inversely jumped from 30 °C to 35 °C. Jn order to speed up the 
temperature equiUbrium, a very special thin-waU ( � 0 . 4 mm) LLS cuvette was used. Both 
the swelling and coUapse are too fast to foUow by our procedure. As stated before, for a 






































































































































































































































































































































































































































































































microgel particles at T = 0 is � 1 5 0 nm and the collective diffiision coefficient D^ is �10_7 
cm2/s, so that t � 1 0 " ^ sec. In comparison, the coil-to-globule transition of the high-
molecular weight linear PMPAM chain is much slower. This difference in the transition 
speed is due to the fact that the subchain between two crosslinks in the microgel particles is 
� 1 0 2 times shorter than the length ofthe high-molecular weight Unear PMPAM chains. 
.| , j 
Moreover, the swelling or shrinking speed of a gel in response to an excess osmotic 
pressure is controlled by the collective diffiision of solvent into the gel. The very large 
surface-to-volume ratio ofthe microgel particles leads to a very fast swelling or shrinking 
in comparison with bulk gels. In addition, the coil-to-globule transition ofthe longer Unear 
j i 
j PMPAM chain in water involves the intrachain penetration (knotting) and rearrangement 
1 
ofthe collapsed chain, which requires a relatively long t i m e . � 
'\ 
• \ 
3.2.2 Internal Motions of Short PNffAM Subchains inside the Gel Network 
8 
A nearly monodisperse spherical PMPAM microgel particles with Mw of 2.20x10 
g/moL and Rg of 160 nm at 15°C was used for the internal motions study. The 
linewidth distribution G(r/q^) of the microgel at 9 = T and T=15 °C was shown in 
Figure 3.1.4.1(〃口〃). The R /^Rh value of0.84 ofthe PNIPAM microgel at 15�C indicate 
] 
that the swollen microgel networks are nondraining, spherical particles with a uniform 
i i • 
,i 
1 , 
density because it is well known that Rg/Rh = ( 3 / 5 ) ' � 0 . 8 for a uniform hard sphere. ! ;l 
j Figure 3.2.2.1 shows the plots of G(r/q^) vs T/q^ for the spherical PMPAM microgel 
i 
j particles at 15 °C and different x. The insert shows a 10-time enlargement of the 
ij 
I j 
small, second peak ofG(r/q^) around F/q^ �lCT? cm^/s. G (F/q^) is independent o fx at 
1 X < 13 and only a single, narrow peak was observed. When x > 13, a very small second 


















































































































































































































































































































































































































































































































































































































































































































parison with Figure 3.1.4.2，we can see that for the linear chains the internal motions 
start to contribute to G(r) when 1/q � R g , while for the microgel particles, the internal 
motions appears only when 1/q � R g l{Uf^ � & /3.6. This actually tells us that for the 
I 
•j linear chain the internal motions involve the entire chain, while for the microgel particle 
j 
the internal motions are only related to a fraction of the microgel network. In other 
words, as a whole, the whole microgel particle is not able to undergo a collective 
volume fluctuation or the internal motions, while a fraction of the network, i.e., 
subvolume, can undergo a collective volume fluctuation to show the internal motions. 
Figure 3.2.2.2 shows a comparison of the line-width distribution of the PMPAM 
linear chains at x � 1 with that ofthe spherical microgel particles at x �13，where we 
； have used a reduced line width (RJ7q2) for an easier comparison since the linear 
chains and microgel particles have different hydrodynamic radii. The insert shows a 10-
time enlargement ofthe second peak related to the internal motions. As shown before, 
ifthe relaxation is purely dffiisive, Rhr/q'[=RhD= kBT/(67rr|0)] is a constant for a given 
temperature and solvent. This is why the two first peaks nearly coincide with each 
other. Eq (3.1.4.1) and Figure 3.1.4.3 show that at x� l，r(” [= Dq'(l+2riA)q')] is a 
dominant contribution from the internal motions to G(r) and RhF^ ^Vq^  二 RhD(l+2ri 
A3q2). On the basis of eq (3.1.4.4)，we also know that Fi/Dq^ is independent of 
i 
polymer and solvent as long as the polymer chains are flexible coils and solvent is 
good. However, it is worth noting that the two second peaks do not locate at the same 
I position, which is undW-standable because eqs (3.1.4.1) and (3.1.4.4) are only valid for 
1 
I linear, flexible polymer chains. For a microgel network, the internal motions should 
involve only a portion of the network. Imaging this portion of the network can be i 















































































































































































































































































diffusion coefficient D of whole microgel network. This is why the second peak ofthe 
microgel particles is shifted to larger RhF/q^ because a lower value of D was used to 
] 、 
j scale Ti. On the other hands, this shift implies that the internal motions inside the 
microgel network only involve a portion of the network. 
At X � 1 3 , 1/q � 4 4 nm which corresponds to the largest linear dimension (radius) of 
1 
the subvolume involved with the internal motions inside the microgel network. After 
modelling the network as a three-dimensional lattice, we have, for the first time, 
estimated that this subvolume contains � 2 5 lattice units since on average each lattice 
unit in the swollen state has a linear dimension o f � 2 5 nm/^^ In one dimension, the 
internal motions involves � 3 - 4 lattice units, which seems reasonable because each 
individual subchain between two neighbor crosslinking points is too short (-25 nm) 
and too rigid (completely stretched in the swollen state at 1 5 � C ) to display internal 
motions. It can be imagined that a group of 〜25 lattice units should be easier to 
undergo a collective volume fluctuation (internal motions) observed in dynamic LLS. 
Further experiments are required to verify the size of this estimated subvolume. 
Figure 3.2.2.3 shows a plot of<r>/(q^kBT/rio) vs x!,� for the microgel particles (•) 
at 15 °C. For comparison, the resuts oflinear PNIPAM chains (o) are also plotted. As 
X increases，<!>/( q^kBT/r|o) gradually decreases and approaches a plateau, which is 
consistent with the non-draining bead-and-spring model for flexible chains in infinitely 
dilute solution. In Figure 3.2.2.3, the plateau value of the PNH^AM microgel particles 
is �3.5times lower than that oflinear PNffAM chains(�0.05). As we mentioned before 
this much lower plateau value is exactly as expected since the crosslinking has greatly 
suppressed the internal motions inside the network, while the relaxations associated 
1 with the internal motions have larger F in comparison with the line width ( Y = Dq^ ) I ：1 
'i 
J 





related to the pure translational diffusion, so that the average line width <T> is lower. 
•'I 1 I 
i 
I 




I To clarify the different effect mechanism for anionic and cationic surfactants on the 
I 
I volume phase transition, two typical surfactants with similar CMC and the same 
I • • 
hydrophobic tail length but opposite charges were added into the same PMPAM 
microgel solution, respectively, which are anionic sodium dodecyl sulfate(SDS) and 
cationic dodecyl pyridine bromide (DPB). 
Figure 3.2.3.1 shows the SDS concentration dependence of f(Rh) ofthe PMPAM 
microgel particles at T = 22 °C. The microgel particles are narrowly distributed with an 
initial average hydrodynamic radius o f � 1 8 0 nm and swell as Csos increase, which 
contradicts the observation in ref61. When CsDs is higher than 2.6 mM, the radius of 
the microgel particle has reached its limit value of ~250 nm and the maximum relative 
increase in radius is -40%. Meewes et al.^ ^ showed that for individual PMPAM linear 
chain in water, the chain expansion stopped when CsDs > � 2 . 4 mM and the maximum 
relative increase is only -20%. It should be noted that both of the particle swelling and 
chain expansion cease before Csos reaches the critical micelle concentration (CMC, 9.0 
mM) of SDS in pure water at 22 °C. 
The difference in the relative size increase does not mean that the short subchains 
inside the PMPAM microgel particles can expand easier than the long PNIPAM linear 
chain free in water. Instead, this difference is attributed to the initial difference in the 
chain expansion, i.e., before the addition of SDS the subchains inside the particles 
expand less than the free linear PNffAM chain due to the elasticity of network. Our 
i results together with that in ref 61 indicate that the PMPAM chain has reached its 

































































































































































































































] CsDs > -2.4 mM. This shows that when CsDs > ~2.4 mM the long range segment-
segment interaction is not important any more and all that matters is the short range 
1 
I 
I solvent-segment interaction. § � 
i By using p = Mw /[(4/3)7cR^ ]，we estimated the chain segment density p for both the 
.— 
linear chains and microgel particles at different Csos with the values o f M w and Rh. For 
i 
i the linear PNIPAM chains in water at 25 °C, p = 2.8 x 10"^  g/cm^ at CsDs = 0 and p = 
• - . 
1.6 X 10_3 gy'cm^ at Csos � 2 . 4 mM; and for the PMPAM microgel particles in water at 
room temperature, p = 1.7 x 10"^  g/cm^ at CsDs 二 0 and p = 6.0 x 10] gy'cm^ at Csos � 
2.6 mM. The chain segment density ofthe microgel particles is higher than that offree 
PMPAM linear chains in water even at its expansion limit because the crosslinking 
inside the microgel particles. 
From the initial composition, we know that on average the subchain between two 
neighbor crosslinking points has � 1 0 0 MPAM monomer units with a stretched length 
o f � 2 5 nm. The microgel network can be viewed as a three-dimensional regular cubic 
lattice made of a very long PNffAM chain. We can calculate the total number QSI) of 
the subchains from the particle mass M (-2.2 x 10^  g/mol); and the total length (L) of 
the chains from the average particle radius <Rh> ( � 2 5 0 nm and ~65 nm respectively 
for the swollen and collapsed particles) and the actual average subchain length (/) by 
i 
using a simple geometrical consideration. As the only unknown parameter, 1 can be 
estimated from L = N/. The estimates of 1 are � 2 5 nm and ~6 nm for the microgel 
i particles at the swelling and collapsing limits, respectively. At the swelling limit, 1 is 
very close to the stretched length of the subchains, which shows that the network is 
fully extended. This is why further addition of SDS after Csos > � 2 . 4 mM has no effect 











































































































































































































































































Figure 3.2.3.2 shows the hydrodynamic radius distribution f(Rh ) of the PNIPAM 
microgel particles at three DPB concentrations, where T = 22 °C. It is known that 
DPB has a very similar CMC as SDS in water at 22 °C. Figure 3.2.3.2 clearly shows 
I that the addition ofDPB has little effects on the size ofthe microgel particles at 22 °C. 
！ .1 
,j It is worth noting that SDS and DPB have an identical hydrophobic tail, CH3(CH2)n-. 
1 
2 _ 
The only difference between SDS and DPB is the small hydrophilic head, i.e., -SO4" 
(anionic) for SDS and -Py+ (cationic) for DPB. 
According to the interaction/association model proposed in Figure 6 of ref 86, the 
j hydrophobic tail of SDS is adsorbed on the hydrophobic backbond of PNffAM to 
form spherical micelles (like a series of beads connected by PMPAM) or cylindrical 
i micelles (like a series of sausages connected by PNffAM), which contradicts our 
results because ifit were correct the swelling ofthe PNPAM microgel particles would 
depend only on the nature ofthe hydrophobic tail, such as its length and structure, and 
we would observe a similar surfactant efFect for SDS and DPB.This clear discrepancy 
forced us to search for another explanation for the different surfactant effects observed 
for SDS and DPB. 
It is well known that the volume phase transition ofPMPAM in water depend on 
two special interactions: Hydrogen bonds between the amide group ofPMPAM and 
water, and hydrophobic efifects (water molecules is more ordered about hydrophobic 
•i groups ofPMPAM chains). The more hydrophobic the polyQS[-alkyl acrylamides), the 
i lower the LCSTs, i.e., the LCST ofpolyacrylamide in aqueous solution is simply above 
.i 
i 
the boiling point, while the LCST ofPNffAM is � 3 1 °C. On the basis of such a fact, 













































































































































































































































































































































































The hydrophilicity of PNIPAM chain depend on the electronegativity of the 
oxygen(0) and nitrogenp<0 atoms in amide group. The more electronegative the 0 and 
N atoms are the stronger the hydrogen bond will be. when SDS was added to the 
PMPAM network solution, the anion -SO^"close to the 0 or N atoms will raise the 
j 
i electronic cloud density of 0 and N atoms which is advantage to forming strong 
,j 
hydrogen bond. The more SDS added, the more hydrophilic o fPNffAM chain which 
mean that the better the solvent quality. Therefore, the PMPAM chain expand more 
and more with adding more and more SDS to the solution until the chain reached to a 
swelling limit at CsDs > � 2 . 4 mM. 
： In contrast, the DPB molecules takes a cationic headgroup - P / which is a 
i electrophilic conjugate ring, when the -Py+ is close to the amide group in PMPAM 
chain, the electron withdrawal toward this - P / will reduce the electronegativity of 0 
and N atoms in amide group to some extent. Therefore，the hydrophobicity of 
PNIPAM chain will increase with increasing the amount of DPB molecule in the 
microgel solution at CoPB < CMC. The electron withdrawing is weak because of the 
spatial hindrance ofPy ring, therefore the PNffAM chain collapse caused by the DPB 
is limited. However, we really observed the PNIPAM chain collapsing at lower LCST 
in DPB solution at CvPB < CMC (Figure 3.2.3.8). 
i “ 
！ Figure 3.2.3.3 shows the temperature-dependent hydrodynamic radius distribution 
i 
I f ( ^ ) of the microgel particles in 4.1mM SDS aqueous solution. The particles are 
，丨 
.j 
j swollen at T = 3 0 . 2 � C and collapsed at T = 5 7 � C . The average hydrodynamic radius 
<Rh> decreases four times, which means � 6 0 times change in the PNIPAM chain 
segment density, i.e., from � 6 . 0 x 10"' g/cm' to -3.2 x 10"' g/cml By assuming the 
i • •j 

















































































































































































































































I . . 
3 . 
I V molecules encapsulated inside) to be � 1 g^m，we can estimate that each microgel 
I 
I . 
3 particles contains more than 99% of water in the swollen state and ~70o/o of water in 
j the collapsed state. As expected，Figure 3.2.3.3 shows that the shape and width of 
! 
f(Rh) remained during the phase transition because the swelling and collapsing 
j i 
occurred within each particle. 
Figure 3.2.3.4 shows the hydrodynamic radius distribution f(Rh) of the PMPAM 
microgel particles at the collapsing limit (T > Tc ). In comparison with Figure 3.2.3.1， 
the amount ofadded SDS has little effects on the collapsed particles. When water is a 
good solvent at T = 22 °C as in Figure 3.2.3.1，the PMPAM microgel network swells 
2_ 
in water and SDS molecules can diffused into the network. The headgroup -SO4"close 
.1 V-
to the amide group can increase the hydrophilicity of PMPAM chain, which further 
,.rt 
swells the particles until the subchains are M y stretched, whereas when T > T^ water 
become a poor solvent and the particles start to collapse and gradually water molecules 
together with surfactant molecules are expelled out until reaching the collapsing limit. 
The fact that f(Rh) is independent on Csos strongly indicates that at the collapsing limit 
most surfactant molecules are expelled and the surfactant concentration inside the 
microgel is a constant. 
Figure 3.2.3.5 shows the influence of surfactant SDS on the phase transition of the 
:j microgel particles. When Csos = 9.5 mM, the swollen particles are so stable that Tc 
j 
•i 
j ‘ was shifted to a much higher temperature beyond our LLS instrument limit. Besides 
i 
1 the increase of Tc, there are two remarkable features of the phase transition in Figure 
j 
3.2.3.5. First, with or without adding SDS, the phase transition is continuous, which 
agrees with the results observed for both of individual PMPAM chains and 































































































































































































































































































































































































t r a n s i t i o n . 8 6 It is known that the polymer chains with different lengths undergo the 
• 
phase transition at different temperatures. Because of different subchains lengths, it is 
expected that the phase transition of a polymer gel to be continuous. The 
I discontinuous volume change observed for bulk PMPAM gels might be due to the 
j sample size. It is known that it takes a very long time for a bulk gel to reach its true 
swelling and shrinking equilibriums/^® Thus, the discontinuous volume phase transition 
should be experimentally and theoretically reexamined. 
Second, when SDS is added the phase transition undergoes two steps and this two-
step transition becomes more obvious as Csos increases. To our knowledge, this kind 
of two-step phase transition has been observed for the first time, which might be 
attributed to the following two process. Inside a fully swollen network，the hydrophilic 
head group of SDS molecules interact with the amide group in PNE^AM chain through 
the electron sharing which make the chain expanded. At the same time，part of SDS 
molecules may associated to the gel network through the hydrophobic tail to the 
backbond chain. The local high concentration of SDS will form some micelles inside 
the network. In the first-step, the SDS micelles were broken as the particles collapse, 
wherein the collapse ofthe particles and the broken of the micelles promote each other 
so as to lead a fast decrease of <Rh>. After most micelles are destroyed，further 
collapse ofthe particles requires the breaking offof the "bonding" between individual 
SDS molecules and the gel network, which should be harder than the breaking of the 
I micelles, so that we observed a slow down between the first and second-step 
collapsing. Further temperature increase will eventually break the “bonding” between 
SDS molecules and the gel network so that more SDS molecules are expelled out 
























































































































































































































































































































































j especially near the particle surface, increases as the particles collapse. 
In addition, our data showed that even without the addition of SDS the microgel 




I aggregation (phase separation) observed in the solution after more than one week. This 
1 
is quite different from the collapsed single PNIPAM chain which is only kinetically 
stable, i.e., stable within a finite time period (-10^ sec). It seems that when the 
temperature is higher than Tc the microgel particles shrink into individual collapsed 
sphere (still encapsulates � 7 0 % of water in its hydrodynamic volume), but the 
interparticle attraction has been somehow prevented. Our speculation is that during the 
phase transition the amide groups near the particle surface have a tendency to stay 
outside and form a hydrophilic surface layer which leads the solubility of the particle as 
'i 
a whole, but inside the particle water is a poor solvent and the encapsulated water was 
driven out during the phase transition. 
Figure 3.2.3.6 shows the translational diffusion distribution G(D) of the microgel 
particles at different temperatures during the phase transition. As T increases, the 
microgel particles undergo the phase transition and the particles collapse so that G(D) 
shifts to the direction ofhigher D due to smaller hydrodynamic radius. It is interesting 
to note that before the collapse of the particles reaches to the second step (T < 45 °C), 
G(D) has only a single narrow peak, whereas after entering the second step (T > 45 
�C}，we start to see the appearance of another very small peak (it is enlarged in the 
logarithmic scale) located at a much higher D，i.e., some very small species in 
comparison with the microgel particles. The area ratio of the small peak to the large 
one increases, and at the same time, the larger peak continuously shifts to the direction 




































































































































































































































































































































































































































































































































































































































































position. We were astonished by this small peak and later we realized that this small '1 j 
peak can be related to the SDS micelles. As discussed before, it should be more favor 
'i 
I . , 
I for the amide groups near the particle surface to form a hydrophilic layer on the 
I surface, so that surfactant molecules might form micelles near the particle surface even 
at CsDs < CMC.i5i As T increases, more SDS molecules are expelled out and more 
micelles are formed. This is why the small peak in Figure 3.2.3.6 grows and the area 
ratio between the small peak and the large peak increases with T. 
Figure 3.2.3.7 shows two hydrodynamic radius distributions f(Rh) of the micorgel 
particles at the collapsing limit in the presence of SDS and DPB, respectively. It clearly 
shows that the nature of the surfactant molecules has no effect on the microgel 
particles when the particles are in the collapsed state. This agrees with our above 
discussion，namely in the collapsed state surfactant molecules are expelled out so that 
the nature of surfactant molecules has no effect on the collapsed particles. Figure 
3.2.3.7 further shows that in the collapsing process surfactant molecules did have been 
driven out. However, we cannot exclude the possibility that there might still exist a 
trace amount of surfactant molecules inside the gel network. If it is the case, this trace 
amount of surfactant molecules inside the network actually has no effect whatsoever 
on the collapsed particles. 
Figure 3.2.3.8 shows the influence of surfactant DPB on the phase transition ofthe 
microgel particles, where <Rh> is the average hydrodynamic radius of the particles. 
When CDPB is lower than its CMC (-12 mM) in pure water, the phase transition 
I 
temperature is slightly lower than that ofthe surfactant-free particles and the collapsed 
particles are unstable. This is why <Rh> cannot reach the plateau in Figure 3.2.3.8 
j when CopB = 4.11 mM and 8.07 mM. When CopB is higher than the CMC, the microgel 
:| • 






I particles are thermodynamically stable even in the collapsing limit. Moreover, the 
I • 
— phase transition temperature is slightly higher than that of surfactant-free particles and 
\. 
the phase transition is sharper. In comparison with Figure 3.2.3.5 where SDS instead 
I of DPB was added, the behavior of the microgel particles are completely different. 
This difference can also be explained by using the electron sharing and electron 
withdrawing as discussed before. 
The electron withdrawing of cation -Py+ in DPB molecules from 0 and N in amide 
group increase the hydrophobicity of PMPAM chain. The higher the DPB 
concentration, the more hydrophobic the PMPAM chain at CopB < CMC. Therefore, 
the phase transition temperature decreases with increasing the DPB concentration. At 
the same time，the PMPAM chain with high hydrophobicity become more easy to 
aggregate together. However, once CoPB > CMC, the interaction between DPB and 
PMPAM network is different. Most ofthe DPB molecules formed micelles both inside 
and outside ofthe microgel networks. Very few individual DPB molecules can interact 
with the amide group through the electron withdrawing due to the spacial hindrance of 
micelles inside the network. At this case, the DPB molecules have little effect on the 
hydrophobicity ofPMPAM chain. On the other hand, the micelles inside the network 
will force the network expanded due to the repulsion between micelles, and the 
micelles outside the network will act as a shield between the collapsed particles. This 
explains why the phase transition shifted to a higher temperature and the collapsed 
particles are thermodynamically stable at CDPB > CMC. 
.] s 
3.2.4 Swelling and Drying Kinetics of a Very Thin PNffAM Gel Film 
Figure 3.2.4.1 shows one part oftypical observed signal in the swelling process for 

















































































































































































































































































































































































































































































‘ ‘ . 、 
neighboring minimum (maximum) indicates a slow down of the swelling. This is 
expected because elastic force inside the gel increases with swelling, while the osmotic 
', 
pressure decreases. When these two forces are balanced, the gel reaches its swelling 
i 
i 
I equilibrium state. After correcting for the refractive index change, the signal profile in 
I Figure 3.2.4.1 can be transferred into the thickness change (Az) versus time (t). 
Figure 3.2.4.2 shows a typical Az versus t for the swelling of the PMPAM gel at 
21°C. At t — 00，we have the maximum swelling Azoo. On the basis of eq (2.3.9), Bi 
and Ti were determined from a least square fitting of ln[(Azoo - Az)/AzJ versus t in the 
portion o f t » 1, where we have utilized the fact that the solvent uptake (W) at time t 
is proportional to Az, i.e., ln[(Woo - W)AVJ = ln[(Azoo - Az)/Az^]. 
Figure 3.2.4.3 shows a typical plot of ln[Az«. - Az)/Az^] versus t, where “0” are 
experimental data; and the continuous line, a least-square fitting of ln[Azco - Az)/AzJ 
versus t. It shows that the swelling ofthe thin PMPAM gel film follows a first-order 
kinetic. Xi and Bi were calculated from the slope and intercept of the fitting, 
respectively. R，oci and D^ can be further calculated from Xi and Bi on the basis of eq 
(2.3.10)-(2.3.12). 
Table 3.2.4.1 Summary of Bi, Ti, R and D�Values of Thin PMPAM Gel Film at 
Different Swelling Temperature 
T(�C) Bi xi(10^s) R Dc(cm"s) 
^ 0 ^ ^ ^ ~ ~ 3.6e-7 
25.0 0.93 0.81 0.67 1.5e-7 
j 30.0 0.93 0.91 0.67 l.le-7 
32.0 0.93 0.93 0.67 7,7e-8 
33.0 0.90 1.26 0.63 l.le-8 
34.0 0.86 1.38 0.57 6.3e-9 
•f 
I 35 0 0.87 1.64 0�59 5.1e-9 
S • 
1 
S "'• ‘ 







































































































































































































Table 3.2.4.1 summarizes the values ofBi，xi, R and Dc calculated from the data of 
J 
•j . 
I ln[Azoo-Az)/Azoo] versus t for the thin PNIPAM gel film swelling at different 
•I 
:j ‘ 
I temperatures. When T < 33.0°C, Bi and R only slightly depend on T. The value o f R 
I 
i 
�0 .67 is slightly lower than that ofthin gelatin gel film/^ ® but significantly higher than 
i 
i 
those ( � 0 . 3 - 0 , 4 ) for other gels/^ '^^ ^^ The higher R value might be related to the film 
preparation method. The gel used to make film is a very dense compaction of 
individual spherical microgels by high speed and long time centrifugation, which may 
lead to an entanglement or overlap for the PNTPAM chains on the interface of 
spherical microgel. The entanglment may act much like a cross-link, and thus lead to a 
higher ratio of shear modulus to longitudinal osmotic modulus. After temperature is 
increased to 34.0�C, the R values decrease and then keep on a constant value o f � 0 . 5 9 
with further increasing temperature. Such a T-dependence o f R indicate that the ratio 
of shear modulus over the longitudinal modulus have a critical change in the range of 
3 3 � C < T < 34�C，which corresponds to the critical temperature of volume transition 
(Te) of PMPAM gel. This T-dependence of R is consistent with the experimental 
results ofHirutsu obtained from bulk PMPAM gel ro.d by bulk modulus Kos and shear 
modulus G measurement.i53 For PVAC gels in i-PrOH system, zrinyi et al/^^ also 
found that R is determined by solvent quality. R decreased when solvent become poor. 
Table 3.2.4.1 also shows that the relaxation time increases with temperature, and the 
cooperative coefficient (Dc) strongly depends on temperature. Dc decreases 2 orders of 
magnitude when the gel is turned from good solvent condition to collapsed region, i.e., 
Dc �10_7 cm2/s at T < 30°C and D^ �10_9 cm /^s at T > 34°C, respectively. The critical 
slowing down ofthe PNIPAM gel film swelling was observed when the temperature is 





















































































































































































































































































































































































































I kinetic study of spherical PNH*AM gel. ^ ^^  
I 
！ Figure 3.2.4.4a shows the time dependence of film thickness change (Az) in the 'i 
drying process at good solvent condition(D: 21�C; A: 25°C ). At the initial stage, Az 
i 
decreases almost linearly as t increases. Then Az decreases faster and faster until the 
thin film is completely dried out. This drying process is similar to that of thin gelatin 
films，i5o but contradict to the shrinking kinetic equation. According to eq (2.3.8), the 
decreasing rate of Az should slow down and approach zero as time increases. This 
obvious deviation from eq (2.3.8) might be attributed to the following process. In the 
shrinking process, due to the effect of osmotic pressure, the diffusion of solvent from 
the inside ofgel to outside ofgel should become more and more difficult as more and 
more water is “squeezed’，out from the gel in the shrinking process, i.e., the decreasing 
rate in the gel thickness should decrease. However, in the drying process，the chemical 
potential of solvent inside the gel is always larger than that outside of the gel because 
there is no solvent outside. Therefore, there is no extra hindering force outside to 
prevent the escape of solvent from the gel 
Figure 3.2.4.4b shows the PMPAM gel film thickness change as a function oftime, 
which is induced by jumping the temperature from 25.0°C to 32.0，33.5, and 35.0°C， 
respectively. The thickness change at the initial stage is much different with that under 
good solvent condition(Figure 3.2.4.4a), where the PMPAM chains do not collapse, 
and the film drying process is a simple water molecules vaporization. However, when 
I the temperature is suddenly changed from 25°C to the temperature in transition 
threshold, the film drying process become complicated. The film thickness first 
decreases monotonically, but slows down or stops decreasing for a while, which is 
called as "plateau period，，，and then starts to shrink or drying again. For the final 
137 
1 ！ •! 
temperature at 32°C, the thickness change at the first period is much slower than that 
I 
！ offmal temperature > 33.5°C (critical phase transition temperature ofPNO^AM gel), 
： and the plateau period presents later. Once the final temperature is over 33.5�C, the 
i 
transition rate increases so that the plateau period can be reached at earlier stage, and 
the three different time domains at the initial stage of drying process become very 
evident. Such three periods of shrinking process were also observed for spherical 
PNIPAM gel,i55 which indicate that the density of polymer network and the osmotic 
pressure inside the gel are inhomogeneous during the film drying process. 
Qualitatively, the three periods at the initial stage of drying process might be explained 
as follows: first, fast decreasing rates offilm thickness are caused by a rapid collapse of 
the gel surface upon exposure to a temperature above its collapse point, where water 
molecules squeezed out through the weakly densified region. After the rapid collapse 
ofgel surface, a thick layer of dense collapsed PNH>AM network, described as skin-
type barrier, is formed on the gel surface, which temporarily prevents the gel from 
shrinking further. At this moment, a dense thin surface layer and a homogeneous, 
dilute center layer are formed. The further movement of the skin-type layer from the 
surface to the center region is related to the relaxation kinetic rate ofthe polymer chain 
network in response to a thermal stimulus. Because the polymer relaxation is much 
slower than the heat transfer rate, the long relaxation time with a small thickness 
change formed the "plateau period”. Finally, when the osmotic pressure in the center 
part starts to exert outward pressure on the dense surface layer, the internal pressure 
blows up some portion ofthe dense surface layer like a balloon which expanded with 
water, described as water pocket. This portion surface layer is no longer impermeable 





kinetics ofthe macroscopic PNIPAM gel film with thickness of l-3mm only show two 
steps: the rapid water squeezing out process and the slow release ofwater through the 
densified, collapsed gel layer^i52 
i As a whole, the drying speed ofthe thin film increases with temperature no matter 
below or above the critical collapse point. On the one hand, water molecules inside the 
gel have more energy to escape from the gel at the higher drying temperature, and on 
the other hand, the PNIPAM chains have a negative thermosensitivity，the higher the 
temperature, the worse the solubility of PMPAM chain in water. When the 
temperature reaches to the critical transition point, the PMPAM network collapsed 
rapidly. By comparing the function of thickness change(Az) versus time t at different 
jump final temperature, it can be also found that the higher the final temperature of a 
given jump, the earlier the plateau period presents, and the shorter the plateau period 
durates. In fact, these results are consistent with those obtained by microscope for 
spherical PNIPAM gel/^^ where Tanaka,s group found that the number of water 
pocket on the gel surface increases monotonically as the final temperature is increased, 
the thickness of the dense skin-type layer decreases for the higher final temperature. 
Therefore, the plateau period become shorter at higher final temperature. Qualitatively, 
when the final temperature is raised，the transition rate increases, and the density skin-
type barrier can be formed earlier. 
In comparison with those deswelling kinetic results of thick PNffAM gel disk(l-3 
mm thick) obtained by weighing method/' ' ' ' ' ' our study of very thin PMPAM gel film 
by in-situ interferometry has several advantages. First, the typical film size of � 4 m m x 
4 mm is much larger than the typical film thickness (60 pim), so that the film size in 
comparison with the thickness can be considered as infinite in practice. Second, the 
139 
'i 
film thickness change is monitored by computer automatically so that we can follow 
the thickness change at very short time intervals and thus follow the whole kinetic 
process in detail. Third, for a very thin gel film, the difference between the surface and 
center region is relatively less than that in a sample with macroscopic size. The total 
experimental duration time is also much shorter than that for macroscopic size sample, 
i.e., minutes instead ofhours or even days, so that the swelling or shrinking equilibrium 
can be reached in a reasonable time scale and the experimental conditions, such as tem-
perature, can be better controlled. 
140 
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Chapter 4. Conclusions 
On the basis of the results and discussions of the laser light scattering study of 
poly(N-isopropylacrylamide), we can conclude that both PMPAM single chains and 
microgel particles with or without surfactant added can undergo a continuous volume 
phase transition when the temperature is raised over LCST. 
For single chains, the transition temperature (Tc) is � 3 1 � � . When T < 31.0°C, 
PMPAM chains are flexible extended coils. The conformation distribution of such a 
flexible polymer chain can lead to a size distribution even for a strictly monodisperse 
polymer sample with a uniform chain length. For a narrowly distributed polymer 
sample this additional conformation broadening of the line width distribution should be 
considered in dynamic LLS since it can lead to a false broad molecular weight 
distribution. The flexible PMPAM chains also have co-surfactant effects due to the 
special structure of containing both hydrophilic and hydrophobic group. The 
introduction ofPNffAM chains can stabilize the water/AOT/n-hexane microemulsion 
even at very dilute dispersed-phase concentration(-lx 10'^  g/mL) at T < 31�C. While 
at T > 31�C, the PNIPAM chain collapse to a globule state, wherein PMPAM chains 
lost its co-surfactant effects. 
The study of Coil-to-globule transition of very long individual PNffAM chain with 
very narrow distribution in extremely dilute solution indicate that a thermodynamically 
stable s i n g l e - c h a i n globule state can experimentally reached. The Rg/Rh decreases 
linearly as the solution temperature (T) increases when T is higher than the Flory 0 -
temperature and that Rg/Rh can be lower than 0.774 predicted for a uniform sphere, 




not be uniform. The observed relaxation time ( � 1 0 - 10^  sec) for the disentanglement 
of a highly collapsed PNIPAM globule and the collapse of an extended PMPAM coil 
were too short to support the previously proposed knotting process in the coil-to-
globule transition. In addition, the highest chain density reached in the collapsed 
globule is only 0.2 g/cm which is significantly lower than that in bulk ( � 1 g/cm ). This 
implies that the collapsed globule contains � 8 0 % water. There should be no high-
degree knotting inside the collapsed globule. Finally, our results in terms of both the 
expansion (or say contraction) factor a and the scaled expansion factor xM'j^a^ 
indicate that the modified Flory theory for the polymer chain expansion (contraction) 
works well in a good solvent and near the 0-temperature, but failed in the region 
where the chain is highly collapsed. The theory has to be further modified to include 
the strong attractive interaction inside the collapsed single-chain globule. 
For crosslinked microgels the phase transition temperature Tc is � 3 3 ° C , which is � 
\,5°C higher than that of single chains because the average molecular weight of the 
subchain inside the microgel is much lower than that oflinear chains. At T < 33°C，the 
microgel is swollen. While at T > 33�C, the microgel is collapsed. In both the swollen 
and collapsed state, the microgels are uniform particles behaving as hydrodynamically 
equivalent spheres with a constant Rg/Rh value of � 0 . 7 8 . The microgel particles are 
thermodynamically stable even at collapsing limit. The volume phase transition ofa real 
polymer gel is intrinsically continuous because the subchain length is broadly 
distributed in a real polymer gel. 
The dynamic LLS study of chain dynamics indicate that the internal motions of 
linear flexible polymer chains in a good solvent are independent on the nature of a 
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1 
given polymer and solvent, as predicted by Zimm. For the PMPAM linear chains, the 
internal motions observed in dynamic LLS have a similar tendency as polystyrene in 
toluene to follow the plot of"[l+2rV(Dq2)] vs X"..This implies that only the self-
coupled internal mode 2Fn, i.e., Fn + Fn，can be "seen" in dynamic LLS. This clearly 
violates the prediction in the bead-and-spring model, but supports the speculation that 
some energetically favorable and predicted internal motions are not observable in 
dynamic LLS. This speculation is further supported by the lower plateau in the plot of 
the reduced overall average line width "<r>/(q^BT/r|o) vs X^ ^^ " at larger X because 
the missing of some internal motions with larger T will lower the observed overall 
average line width <F>, and in turn, the plateau. The much lower plateau in the plot of 
"<r>/(q^BT/r|o) vs X^ ^^ " for the PMPAM microgel particles, wherein the internal 
motions are greatly suppressed, strongly support the above argument that the lower 
plateau observed for linear polymer chains are because dynamic LLS cannot "see" 
some energetically favorable internal motions and the missing of these internal motions 
in dynamic LLS is related to the observation length scale of 1/q. It has been estimated 
that the internal motions inside the microgel network involves � 2 5 lattice units after 
modelling the microgel network as a three-dimensional lattice. 
The study of surfactant effects on the volume phase transition ofPMPAM microgel 
particles indicate that the addition of anionic surfactant SDS swells the PMPAM 
microgel and increases the phase transition temperature(Tc). The higher the SDS 
concentration, the higher the TV The chain expansion in both single chains and 
microgel particles stopped at Csos > 2.4mM, where the network is M y extended. The 




can increase the electronegativity ofO and N atoms in amide group ofPNIPAM chains 
by electron sharing, and thus increase the hydrophilicity ofPMPAM chains. While the 
addition of cationic surfactant DPB has much different effects. When CDPs < CMC, Tc 
is slightly lower than that of the surfactant -free particles and the collapsed particles are 
unstable. When CDPs > CMC, Tc is slightly higher than that of the surfactant-free 
particles and the collapsed particles are thermodynamically stable even in the collapsing 
limit. This cationic surfactant effect can be attributed to the fact that -Py+ is a 
electrophilic conjugate ring, which can reduce the electronegativity of 0 and N atoms 
in amide groups by electron withdrawal, and thus increase the hydrophobicity of 
PMPAM chains. The higher the DPB concentration, the more hydrophobic of 
PNIPAM chains, and the lower Tc when CopB < CMC. At the same time, the increased 
hydrophobicity make the particle easy to aggregate. However, when CopB�CMC, 
most of the DPB molecules formed micelles both inside and outside of the networks. 
The repulsion between micelles inside the network will force the network expanded, 
while the micelles outside the network will act as a shield between the collapsed 
particles so that the collapsed particles are thermodynamically stable at CopB > CMC. 
The kinetics of the swelling and drying of very thin PNffAM gel film before and 
after phase transition can be detaily monitored by in-situ interferometry. The swelling 
process can be described by a first-order kinetic theory. The cooperative diffusion 
coefficient ofthe network chains diminishes at the critical phase transition temperature. 
The drying process changed with temperature. At T < 31�C，the drying rate of the film 
increases with time. At T > 32°C, the film thickness change shows three different 




Chapter 5. Experimental Methods and Procedures 
5.1 Sample Preparation 
Synthesis of Linear PNIPAM Chains PolyQS[-isopropylacrylamide) was synthesized by 
the foUowing procedure: first, N-isopropylacrylamide (purchased from Eastman kodak Co.) 
monomer was recrystalUzed three times in a benzene/n-hexane mixture; then, the purified 
monomer (18g) was dissolved in 150 ml benzene (distilled before use) with lmol% of 
recrystalUzed azobisisobutyronitrile added as initiator; and finaUy, this solution was 
degassed through three cycles offreezing and thawing. Polymerization was carried out by 
stirring the final degassed solution in an oil bath at 56°C for 30 hrs under apositive nitrogen 
pressure. Mer polymerization, the solvent was removed by evaporation. The resulting 
crude solid was further dried and then dissolved in acetone^iPLC grade, E.Merck). The 
polymer was finally recovered by adding the acetone solution dropwisely into n-
hexane(analytical grade, Aldrich). Upon filtering and drying, a white fabric-Uke polymer 
was obtained with a yield of 75%. 
The synthesized PMPAM was analyzed by NMR spectra and fractionated into five 
fractions roughly, which were characterized in tetrahydrofuran(THF) and water by LLS 
spectrometer. THF(HPLC Grade, E.Merck) was used without fiirther purification. The 
resistivity of distilled and deionized water is 18.3 MQcm. The measured dn/dC values of 
PMPAM at 20°C and 488nm are 0.107 mVg in THF, and 0.167 mUg in water, respectively. 
Fractionation Polymer fractionation can be performed by a variety oftechniques based 
on diflferential solubility, sedimentation, diffusion and chromatographic exclusion. For the 
large scale fractionation ofhigh molecular weight PMPAM sample, fractional precipitation 
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is preferred since it provides good separation efficiency and high yields. A very careMy 
water-freed acetone was selected as solvent. The initial PMPAM concentration was <1% 
(varied with molecular weight), and then very dry n-hexane as nonsolvent was added 
dropwisely at strong agitation. A 5 L special flask with a small tip on the bottom was 
i^ii:i>iv*^^^^ '^*'^ -^i^ -i-w^ .^,..^ ^^ 
selected aS^ereservior. "'^he fractionation was operated at 25 °C under nitrogen 
\ __p;W--^ ' 
"""•*"D»，，”、ivv^ >,'.,»H—.JTf»’rv "'-•''•'''“ 
atmosphere. The settling time lasted for two weeks, and the precipitant was siphoned off 
The first fraction was refractionated for several times, and finaUy we obtained several 
fractions (~O.lg for each) with very high molecular weight and narrow distribution. After 
carefully filtration again by using a filter with appropiate pore size, we prepared two very 
narrowly distributed QA^Mn < 1.05) high molecular weight (Mw >10^ g/mol) PMPAM 
samples. It should be emphasized that the using of the very dried solvent mixture in 
fractionation process is one of the key factors towards the success of preparing the 
.__^  narrowly distributed PMPAM sample. 
y 
Syntheisis of PNIPAM Chains in Water/AOT/n-Hexane Microemulsion 3.22 g 
Sodium bis(2-ethyl-hexyl)sulphosuccinate (AOT, from Sigma, 99%) as surfactant was 
dissolved in 40.0 mL n-hexane(Analytical Grade, Aldrich). Separately, 0.240 g MPAM 
monomer (Kodak, purified by a three-time recrystallization in a benzene/hexane 
mixture) and 2.5 mg K2S2O8(Aldrich, Analytical Grade) as an initiator were dissolved 
in 3.00 mL deionized water. Two solutions were mixed; and then, the mixture was 
bubbled with N2 for 20 mins. Finally, 50 jiL N，N,N'，N' tetramethylenediamine 
(TEMED, Fluka 99%) was added to accelerate the polymerization of MPAM in the 
water phase. The solution was stirred for 10 hrs until the polymerization was complete. 
The dispersed-phase concentration of the final microemulsion was 0.150 g/mL. A 
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successive dilution of this stock microemulsion with n-hexane led to five dilute 
H2O(PNIPAM)/AOT/n-hexane microemulsions with the dispersed-phase concentration 
(C) being 1.5, 3.0, 4.5, 6.0 and 7.5 mg/mL, where the water/AOT molar ratio was 
fixed on OD = 23, Freshly distilled and deionized water was used for all sample 
preparation. 
For the static LLS and dn/dC measurements, n-hexane with the same amount of 
added AOT as in the microemulsion was used as the reference solvent so that the light 
scattered and refracted from AOT was experimentally compensated. Such determined 
dn/dC was 0.0546 ml/g at T=25°C and Xo=532 nm. 
Synthesis ofPNIPAM Microgel The PMPAM microgel particles were made by emulsion 
。-". 
polymerization: 3.84 g N-isopropylacrylamide (courtesy of Kohjin, Ltd., Japan, 
recrystaUized three times in a benzene/n-hexane mixture) as monomer, 0.0730g N,N'-
methylenebisacrylamide (BIS, recrystaUized from methanol ) as crossHnker, and 0.0629 g 
sodium dodecyl sulfate (SDS, BDH 99%) as a dispersant were added into 240 mL dust-
free deionized water. A 500mL reactor fitted with a glass stirring rod, a Teflon paddle, a 
reflux condenser and a nitrogen bubbling tube was used. The solution was heated to 70 °C 
and stirred at 200 rpm for 40 min with a nitrogen purge to remove oxygen. FinaUy, 0.1536 
g Potassium persulfate (KPS, Aldrich, analytical grade) as an initiator dissolved in 25 mL 
dust-free deionized water was added to start the reaction. The solution was stirred for 
/ 
another 4.5 h. The obtained PNEPAM microgel particles was purified to remove SDS 
and other impurities by four successive centrifugation (15300 rpm for 2.5h), 
decantations, and dispersions in Milli Q deionized water. The microgel particles were 
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Preparation of Very Thin Gel Film. The procedure of synthesizing PNffAM 
microgel particles was the same as described above.15.90 g NffAM, 0.2835 g BIS, 
and 0.1130 g SDS were added into 500 mL deionized water. A 1-liter reactor fitted 
with a glass stirring rod, a Teflon paddle, a reflux condenser and a nitrogen bubbling 
tube was used. The solution was heated to 70�C and stirred at 200 rpm for 40 min 
with a nitrogen purge to remove oxygen. Finally, 0.6480 g KPS dissolved in 40 mL 
deionized water was added to start the reaction. The solution was stirred at 1000 rpm 
for 4h. The obtained PMPAM microgel solution was purified to remove SDS and 
other impurities by successive centrifugation (15300 rpm for 2.5h), decantations, and 
dispersions in Milli Q deionized water. The dynamic laser light scattering results 
showed that the microgel particles are nearly monodisperse with an average 
hydrodynamic radius of 220 nm at 25°C. The purified microgel solution was further 
concentrated to 7.5 wt% by centrifugation and decantation. The thin PNH>AM film 
with a thickness of60 i^m was prepared by a high precision quadruple film applicator. 
Dust-free Solutionfor LLS Measurement The following precautions were taken in all 
solution preparation for LLS measurement: (1) prepare a dust-free solvent with a 0.1 
jam millipore filter; (2) clean all needles, syringes, and even, volumetric flasks with the 
dust-free solvent; (3) prepare a stock solution in a dust-free volumetric flask with the 
dust-free solvent; and (4) dilute the stock solution with the dust-free solvent to desired 
concentration. In this way, the only dust particles in the fmal solution were from the 
polymer. Before the light-scattering measurement, the final solution was cleaned once 





was done by directly adding dust-free solvent into a specially designed cell. 
5.2 Physical Measurement 
NMR analysis ^ and ^¾ NMR measurements were carried out using a Bruker ARX-500 
superconducting FT-NMR spectrometer operating at 500.13 and 125.76 MHz respectively. 
One dimensional ^ and ^¾ spectra were measured using 4(48�) and 6(45�) msec 
pulsewidth respectively. ^ decoupling was executed using the WALTZ 16 pulse sequence. 
For lD NOE measurement, the pulse width = 7.5 msec. 
Homonuclear ^ - ¾ COSY experiments were carried out using the standard COSY-45 
sequence. For data treatment, a squared sine-bell window function was used with zero 
degree shift. The second dimension was zero-fiUed to 512 K prior to Fourier 
transformation. 
Heteronuclear 4 - ¾ COSY was carried out using the X-H COSY sequence with ^ 
decoupling using WALTZ 16 sequence. The ^¾ (90°) = 12 msec whereas a sine-beU 
window function was used with three shift for data treatment. 
Specific Refractive Index Increment (dn/dC) It is vital in static LLS to have a 
precise value of dn/dC. Recently, a novel differential refractometer was designed and 
established at the Chinese University ofHong Kong. In this refractometer, a very small 
pinhole is illuminated by the laser light and then the illuminated pinhole is imaged to 
the detector by a lens located in the middle between a position sensitive detector and 
the pinhole. A divided differential refractometer cuvette is placed just before the lens. 
The pinhole, the cuvette, the lens and the detector are mounted on a small optic rail. 
The refractometer can be easily incorporated into any existing LLS spectrometer, 
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wherein the laser, the thermostat and the computer are shared. Measurements of the 
refractive index increment and the scattered light intensity under identical experimental 
conditions, such as wavelength and temperature, can be performed. 
Laser Light Scattering (LLS) All the scattering results in this thesis were obtained by 
using a commercial LLS spectrometer (ALV/SP-150 equipped with an ALV-5000 
digital time correlator) with an argon-ion laser(Coherent D^WOVA 90，operated at 488 
nm and 400 mW) or a solid-state laser (ADLAS DPY425II, output power 二 400 mW 
at Xo = 532 nm) as the light source. The incident light beam was vertically polarized 
with respect to the scattering plane and the intensity was regulated with a beam 
attenuator (Newport M-925B) so as to avoid localized heating in the light scattering 
cuvette. The intensity of scattered light was detected by a THORN EMI 
photomultiplier tube. The intensity-intensity time correlation functions were measured 
by an ALV 5000 multiple-x digital correlator. By placing a polarizer in front of the 
detector, we measured only the vertically polarized scattered light. 
In our setup, the coherent factor p in dynamic LLS was �0.87，a rather high value 
for an LLS spectrometer to be used for both static and dynamic LLS simultaneously. 
This is one ofthe reasons why we were able to carry out dynamic LLS in an extremely 
dilute solution with a good signal-to-noise ratio. With some proper modifications, our 
LLS spectrometer is capable of measuring both static and dynamic LLS continuously 
in the range of6° - 154��The accessible small angle range is particularly useful in the 
measurement of high molecular weight polymer chains because in static LLS the 
condition ofRgq < 1 is required to determine the precise value ofRg； whereas in 
dynamic LLS the e x t r a p o l a t i o n of q—0 and the interference of the internal motions 
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associated with the long polymer chain in dynamic LLS can be avoided. In addition, in 
this accessible small angle range the scattered intensity for the high-molecular weight 
polymer is much stronger than at high scattering angles, so that we are able to study an 
extremely dilute solution. 
The temperature was controlled by a NESLAB RTE-210 refrigerated bath；^  
circulator and measured by a Pt-100 temperature probe. The typical long term 
temperature stability inside our LLS sample holder was � ± 0 . 0 2 °C. 
In-situ Interferometry As shown in Figure 2.3.1, the thin PMPAM film was 
supported by a temperature-regulated optical glass plate. The top of the film, was 
covered by either dry air in drying process or by water in the swelling process. A very 
small fraction of the light from a Nd-YAG solid laser (ADLAS DPY425 II，Xo=532 
nm) was used as the light source. In the present setup/^ ®'^ ^^ the angle 0 is very close to 
0, so are 9' and 0". Therefore，cos(0") is close to 1 in eq (2.3.13). The reflected lights 
(lR4 and lR,2) were interfered at a photodiode (Hamamatsu S2386-18K) to produce a 
voltage signal V (V oc I). V was recorded through an analog-to-digital data acquisition 
system including an A-to-D board O^ational Instruments, AT-MIO 16X) and an 
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